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DIAGNOSIS AND PREVALENCE
Attention-deficit/hyperactivity disorder (ADHD) is a childhood neurodevelop-
mental disorder and is defined by developmentally inappropriate levels of inatten-
tion and/or hyperactivity-impulsivity (American Psychiatric Association, 2013). It 
is one of the most prevalent psychiatric disorders in childhood (Costello, Mustillo, 
Erkanli, Keeler, & Angold, 2003), with a comprehensive meta-analytic review of 
ADHD, as defined by the full DSM-IV criteria, reporting prevalence estimates to 
vary between 5.9 – 7.1% for children and adolescents, and of 5.0% for young adults 
(Willcutt, 2012). According to the DSM-5 the prevalence of ADHD in most cul-
tures is approximately 5% in children and 2.5% in adults (American Psychiatric As-
sociation, 2013). ADHD is more frequent in males than in females, with a ratio of 
2:1 to 3:1, and females are more likely to present predominantly inattentive features 
(American Psychiatric Association, 2013; Willcutt, 2012). Children and young ado-
lescents fulfil the criteria for a diagnosis of ADHD, as described in the diagnostic 
and statistical manual of mental disorders (fifth edition, DSM-5), when at least six 
symptoms of inattention and/or at least six symptoms of hyperactivity-impulsivity 
have persisted for at least six months. Adolescents aged 17 years and older and 
adults fulfil the criteria when at least five symptoms of inattention and/or at five 
symptoms of hyperactivity-impulsivity have persisted for at least six months. 
 
Depending on the number of symptoms, ADHD can be divided in three presen-
tations: (1) combined, when the required level of symptoms is present for both 
inattention and hyperactivity-impulsivity, (2) predominantly inattentive, when the 
required level of symptoms is only present for inattention, and (3) predominantly 
hyperactive-impulsive, when the required level of symptoms is only present for 
hyperactivity-impulsivity. Along with the three presentation types, ADHD can be 
present in three severities: mild (few, if any, symptoms in excess to those required 
for the diagnosis and no more than minor impairment in social or occupational 
functioning), moderate (symptoms or functional impairment between ‘mild’ and 
‘severe’), and severe (many symptoms in excess to those required for the diagno-
sis, or several symptoms that are particularly severe, and the symptoms result in 
marked impairment in social or occupational functioning). Additional criteria 
include pervasiveness, implicating that the symptoms have to be present across 
multiple settings, and evidence for impairment, implicating that the symptoms 
have to interfere with, or reduce the quality of, social, academic or occupational 
functioning. Furthermore, the symptoms have to be present prior to the age of 
12 years, since ADHD is defined as a disorder that starts in childhood (American 
Psychiatric Association, 2013). In the current thesis, DSM-IV criteria are used, 
since the studies described in this thesis started prior to the introduction of the 
DSM-5 (American Psychiatric Association, 2000). One of the main differences 
between the DSM-IV and DSM-5 criteria is the age before which symptoms have to 
be present, which was 7 years and is currently 12 years. Additionally, between the 
DSM-IV and DSM-5 criteria there has been a reduction in the required minimum 
number of symptoms from six to five in either symptom domain for older adoles-
cents and adults (age 17 and older). 
1
    General Introduction  |  11
A diagnosis of ADHD is associated with a wide range of functional impairments 
(American Psychiatric Association, 2013). For example, ADHD is associated with 
poor grades and test scores, and with increased rates of detention and expulsion 
(Loe & Feldman, 2007). Ultimately, the impairments associated with a diagnosis of 
ADHD result in children with ADHD showing low rates of high school graduation, 
low rates of postsecondary education, and poorer occupational rank and perfor-
mance (Loe & Feldman, 2007; Usami, 2016). In terms of social problems, ADHD 
increases the risk of social rejection, since symptoms of ADHD may seriously ham-
per social skills (Hoza, 2007; McQuade & Hoza, 2008). This is suggested to be due 
to a combination of behaviour, such as not listening to and frequently interrupting 
others, and inattentiveness, resulting in missing social cues during interactions 
(Hoza, 2007; Van der Oord et al., 2005). Moreover, although ADHD symptoms 
tend to alleviate during adulthood, for a substantial proportion of up to 87% of 
children with ADHD their diagnosis persists, albeit with fewer symptoms (Ameri-
can Psychiatric Association, 2013; Kieling & Rohde, 2012; Van Lieshout et al., 2016). 
ADHD in adulthood is associated with higher divorce rates and more parenting 
difficulties, and being more often involved in traffic accidents (Kieling & Rohde, 
2012). In addition, a diagnosis of ADHD is associated with an increased risk for the 
development of later life psychiatric disorders, among which both internalizing 
disorders, such as anxiety and depressive disorders, and externalizing disorders, 
such as conduct disorder (McGough et al., 2005; Yoshimasu et al., 2012).
Comorbid disorders are frequently observed in individuals with ADHD, both in 
the general population and in clinical settings. Among these, a highly prevalent 
comorbid condition is oppositional defiant disorder (ODD) (American Psychiatric 
Association, 2013). In the general population comorbidity rates of ODD within 
the ADHD population are around 50%, and these rates range up to 65% in clinical 
settings (American Psychiatric Association, 2013; Barkley, Anastopoulos, Guevre-
mont, & Fletcher, 1992; Connor & Doerfler, 2008; Kuhne, Schachar, & Tannock, 
1997).
ODD is a childhood psychiatric disorder and is defined by a frequent and persis-
tent pattern of irritable and angry mood, vindictiveness, and developmentally 
inappropriate, negativistic, defiant, and disobedient behaviour towards authority 
figures (American Psychiatric Association, 2013). The DSM-5 criteria for a diag-
nosis of ODD are fulfilled when at least a combination of four symptoms of (1) 
angry/irritable mood, (2) argumentative/defiant behaviour, or (3) vindictiveness is 
present. Symptoms have to persist for at least six months and should be exhibited 
in interaction with at least one individual who is not a sibling. To control for devel-
opmentally appropriate behaviours, children younger than 5 years have to exhibit 
the behaviour on most days of the appointed six month period. Children of 5 years 
and older have to exhibit the behaviour at least once a week for the appointed six 
month period. Moreover, the deviant behaviour has to be associated either with 
distress in the individual or others in the immediate social context (e.g. peers, rela-
tives, colleagues), or has to have a negative impact on the individual’s functioning 
(e.g. social, educational). ODD can be present in three severities based on perva-
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siveness of the symptoms: mild (symptoms are confined to one setting), moderate 
(some symptoms are present in at least two settings), and severe (some symptoms 
are present in three or more settings). 
 
The prevalence of ODD varies, mainly depending on age and gender of the indi-
vidual. In the general population the prevalence is estimated to range between 2 
to 15%, with an average of 3 to 6% (American Psychiatric Association, 2013; Boylan, 
Georgiades, & Szatmari, 2010; Merikangas et al., 2010; Nock, Kazdin, Hiripi, & 
Kessler, 2007). In clinical samples, this increases to rates ranging from 28 to 65% 
(Boylan, Vaillancourt, Boyle, & Szatmari, 2007; Merikangas et al., 2010). The dis-
order seems to be slightly more prevalent in boys, but during adolescence preva-
lence differences appear to be no longer present. Nevertheless, the manifestation 
of the disorder may differ between boys and girls, with boys showing higher levels 
of hitting things and destructive behaviour (Loeber, Burke, & Pardini, 2009). As 
for ADHD, ODD is also associated with comorbid disorder (American Psychiatric 
Association, 2013). Of these comorbid disorders, conduct disorder (CD), a classifi-
cation referring to a more severe, repetitive and persistent pattern of behaviour in 
which the basic rights of others or societal norms or rules are violated, is predomi-
nant with a prevalence rate of approximately 42% (Nock et al., 2007). Another 
highly prevalent comorbidity of individuals with ODD is ADHD, with prevalence 
rates between 14 and 35% (Maughan, Rowe, Messer, Goodman, & Meltzer, 2004; 
Nock et al., 2007). Just as for ADHD, the DSM-IV criteria for ODD are used in 
the current thesis, since the studies described in this thesis started prior to the 
introduction of the DSM-5 (American Psychiatric Association, 2000). The main 
difference between the DSM-IV and DSM-5 criteria is that in the versions before 
the DSM-5 an individual could not be diagnosed with both ODD and CD. Thus, 
individuals in the current thesis do not have a comorbid CD diagnosis. 
Co-occurrence of ADHD and ODD
Individuals with both ADHD and ODD have a considerably worse prognosis 
than individuals with either one of the disorders, in terms of an increased risk 
to develop anxiety and depressive disorders as well as conduct disorder and even 
antisocial personality disorder later in life (N. E. Anderson & Kiehl, 2012; Loeber, 
Burke, Lahey, Winters, & Zera, 2000). Furthermore, this comorbid group shows an 
earlier symptom onset, more functional impairments, and exhibits more physical 
aggression and delinquency than individuals with ADHD or ODD alone (N. E. An-
derson & Kiehl, 2012; Loeber et al., 2009; Loeber et al., 2000). This emphasises the 
need to not only study ADHD, but especially ADHD with comorbid ODD, given 
the high prevalence and severe impact on both the individual and his or her envi-
ronment. The current thesis set out to investigate differences between ADHD and 
ADHD+ODD, by studying risk factors associated with a comorbid ODD diagnosis 
in individuals with ADHD, as well as clarifying the impact of comorbid ODD on 
neurocognitive and brain characteristics of individuals with ADHD.
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RISK FACTORS
Previously identified risk factors for ADHD include both genetic and environmen-
tal factors. The importance of genetic factors is reflected in the fact that ADHD is a 
familial disorder, showing increased risk for ADHD in the probands of individuals 
with ADHD and a high heritability estimation of on average 74% in twin-studies 
(Faraone & Larsson, 2018). Different classes (e.g. single nucleotide polymorphisms, 
copy number variants) of genetic factors have been identified, but in general only 
composite scores of relatively large combinations of genetic factors have been as-
sociated with the risk for developing ADHD (Demontis et al., 2017). Some studies 
do show larger effect sizes of single genetic factors, but these are scarce (Thapar 
& Cooper, 2016; Williams et al., 2010). Still, combining most of the genetic risk 
factors identified thus far explains about 24% of the heritability, hence only a 
small part of the heritability (Faraone & Larsson, 2018). Moreover, the genetic risk 
factor for ADHD in terms of copy number variants is also implicated in a range of 
other neurodevelopmental disorders, such as autism and intellectual disability 
(for extensive reviews see Faraone & Larsson, 2018; Thapar & Cooper, 2016; Thapar, 
Cooper, Eyre, & Langley, 2013).
Environmental risk factors for ADHD on the other hand have shown to have more 
substantial effect sizes (Faraone et al., 2015). Environmental factors can be subdi-
vided into pre- and perinatal factors, transgenerational influences and postnatal 
factors. Well-documented pre- and perinatal factors for ADHD include premature 
birth, low birth weight and several maternal factors (Kimonis & Frick, 2010; Serati, 
Barkin, Orsenigo, Altamura, & Buoli, 2017). Important maternal factors that may 
affect the child when in-utero are maternal stress, smoking, and the use of alco-
hol and (prescribed) drugs during pregnancy (Kimonis & Frick, 2010; Thapar & 
Cooper, 2016). Low birth weight is one of the most investigated and consistently 
reported risk factors for ADHD, and might even (partly) explain the association 
between maternal smoking during pregnancy and ADHD (Huang et al., 2018; Nigg 
& Breslau, 2007; Pettersson et al., 2015). Moreover, for maternal stress it has been 
suggested that it’s relation to ADHD in the child is merely due to other confound-
ing factors rather than due to the stress itself (Thapar & Cooper, 2016). Well-doc-
umented transgenerational influences and postnatal risk factors include a family 
history of ADHD and higher levels of family conflict (Loeber, Slot, Van der Laan, 
& Hoeve, 2008; Sonuga-Barke et al., 2009), although a family history of ADHD is 
likely to comprise both environmental and genetic influences. 
Compared with ADHD, relatively few studies have investigated risk factors for 
ODD or comorbid ODD in ADHD, highlighting the need for a study comparing 
risk factors between these groups. Reported risk factors for ODD, which are argu-
ably also implicated in the development of ADHD with comorbid ODD, include 
both risk factors overlapping with those reported for ADHD and risk factors spe-
cific for ODD. Overlapping risk factors for ODD and ADHD encompass maternal 
smoking during pregnancy, a family history of ADHD or ODD, and higher levels of 
family conflict (Boden, Fergusson, & Horwood, 2010; Chronis et al., 2003; Latimer 
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et al., 2012; Nigg & Breslau, 2007). Specific risk factors for ODD, compared with 
ADHD, include deviant peer affiliation, harsh or inconsistent parenting, low levels 
of parental affection, and exposure to family violence (Boden et al., 2010; Latimer 
et al., 2012; Loeber et al., 2008; Richards et al., 2015). Studies into specific risk 
factors for comorbid ODD in ADHD have mainly focused on transgenerational 
influences, such as parental psychopathology and parenting styles, and reported 
significant associations of those factors with ODD, rather than with ADHD (for 
reviews see Deault, 2010; Modesto-Lowe, Danforth, & Brooks, 2008).  
In Chapter 2 of the current thesis, we study risk factors for both ADHD and 
ADHD+ODD, and aim to identify whether risk factors differed for individuals with 
only ADHD and individuals with both ADHD and ODD. Understanding which 
risk factors may be predictive for ADHD and which for comorbid ODD may shed 
light on underlying mechanisms and ultimately help in the development of inter-
ventions or even preventive strategies. We expected ADHD+ODD to be associated 
with additional risk factors compared with ADHD-only. 
NEUROCOGNITIVE FUNCTIONING
ADHD is associated with a range of deficits in neurocognitive functioning. Specifi-
cally, neurocognitive abnormalities in executive functioning (EF), motivational 
deficiencies and temporal processing have been intensively studied and have 
become central to leading theories on ADHD (Castellanos & Tannock, 2002; de 
Zeeuw, Weusten, van Dijk, van Belle, & Durston, 2012; Sonuga-Barke, Bitsakou, & 
Thompson, 2010). EF is the sum of neurocognitive processes that maintain an ap-
propriate problem-solving set to attain a goal (Diamond, 2013; Miyake et al., 2000; 
Pennington & Ozonoff, 1996; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). 
A well-known distinction in EF is that between cool and hot EF (Zelazo & Carlson, 
2012; Zelazo & Müller, 2007). Cool EF refers to goal-directed and problem-solving 
behaviours, as well as self-regulation, not involving affective or motivational 
aspects. In contrast, hot EF is characterized by affective and motivational aspects 
of cognitive processing, such as reinforcement learning and emotional processing 
(V. A. Anderson, Jacobs, & Anderson, 2008; Blair & Lee, 2013; Kerr & Zelazo, 2004; 
Zelazo & Carlson, 2012). A third neurocognitive domain affected in ADHD is the 
one of temporal processing, which is the ability to order sequential events in time 
and to create rhythms by using information from time perception and (re)produc-
tion (Castellanos & Tannock, 2002; Ivry, 1996; Toplak, Dockstader, & Tannock, 
2006). However, although abnormalities in aforementioned domains have been re-
peatedly reported in ADHD, findings remain inconsistent. This may be due to the 
fact that many of those previous neurocognitive studies in ADHD did not address 
ODD comorbidity, while ODD is also associated with abnormalities in neurocog-
nitive functioning (Hobson, Scott, & Rubia, 2011; Sergeant,Geurts, & Oosterlaan, 
2002). The presence of comorbid ODD may have tainted previous findings related 
to ADHD, and may in turn have resulted in an overestimation of neurocognitive 
impairments associated with ADHD.
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More specifically, prominent impaired functions in ADHD in the cool EF domain 
include inhibitory and working memory abilities (Willcutt et al., 2005). For inhibi-
tion, a meta-analysis showed medium- to large-sized impairments for individuals 
with ADHD without comorbidities, and small- to medium-sized impairments for 
individuals with pure ODD and ADHD+ODD (Lipszyc & Schachar, 2010). Addi-
tionally, a study in adults with ADHD reported medium- to large sized inhibitory 
impairments, but did not report on the presence of comorbidities (Chamberlain 
et al., 2011). This implies that inhibitory abnormalities are strongest in groups 
with only ADHD, and may indeed be related to ADHD rather than ODD. How-
ever, the first of aforementioned meta-analyses only investigated results from the 
Stop Signal task and reported a publication bias for both ADHD with and without 
comorbid ODD, indicating that studies with significant results were more likely to 
be published than studies with non-significant results (Lipszyc & Schachar, 2010). 
Thus, although these findings strongly point towards inhibitory abnormalities 
in individuals with ADHD, it may still be that comorbid ODD explains a part of 
the variance in the ADHD findings, which we aim to explore in Chapter 3 of this 
thesis. 
 
For working memory, recent meta-analyses showed large-sized working memory 
deficits for children with ADHD that persist into adulthood (Alderson, Kasper, 
Hudec, & Patros, 2013; Chamberlain et al., 2011; Kasper, Alderson, & Hudec, 2012). 
Studies in individuals with both ADHD and comorbid ODD are scarce (n = 4) 
and report both absence and presence of working memory abnormalities (Burt, 
McGue, & Iacono, 2009; Hicks, South, Dirago, Iacono, & McGue, 2009; Saarinen, 
Fontell, Vuontela, Carlson, & Aronen, 2014; Walden, McGue, Lacono, Burt, & 
Elkins, 2004). Only two studies investigated working memory in ODD and found 
the disorder to be associated with a working memory deficit (Rhodes, Park, Seth, 
& Coghill, 2012; Sergeant et al., 2002). Taken together, this suggests that abnor-
malities in both domains of cool EF are most strongly related to ADHD, and that 
comorbid ODD may be only weakly associated with these abnormalities, but more 
research is warranted.
 
In terms of the reinforcement processing domain of hot EF, a preference for 
smaller immediate rewards over larger delayed rewards is generally reported for 
individuals with ADHD, although a substantial amount of those studies did not 
account for the possible effects of comorbid ODD (for an extensive review see 
Luman, Tripp, & Scheres, 2010). For ADHD with comorbid ODD, only two studies 
investigated reinforcement processing. These studies reported larger performance 
improvements in the face of rewards for individuals with ADHD and comor-
bid ODD compared with individuals with only ADHD and typically developing 
individuals (Luman, Goos, & Oosterlaan, 2015; Luman et al., 2009). This suggests 
that a heightened sensitivity to reward might be carried by ODD, rather than by 
ADHD. This preference for smaller immediate rewards over larger delayed rewards 
was also found for ODD, in addition to a decreased sensitivity to penalty com-
pared with controls (Humphreys & Lee, 2011; Loeber et al., 2008; Matthys, Vander-
schuren, & Schutter, 2013). Concluding, it may be that comorbid ODD negatively 
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influences reinforcement processing in ADHD, but more studies are needed to 
confirm this claim.
 
In terms of the emotion recognition domain of hot EF, ADHD has been associ-
ated with abnormalities in emotion recognition abilities (Borhani & Nejati, 2018; 
Sjowall, Roth, Lindqvist, & Thorell, 2013). However, although emotion recognition 
abnormalities were reported for ADHD, only one of the two studies that controlled 
for comorbidities reported an impairment in emotion recognition (Borhani & Ne-
jati, 2018). Moreover, that study reported the abnormality in emotion recognition 
to be due to the inability to correctly focus attention (Cadesky, Mota, & Schachar, 
2000). The other study that assessed a pure ADHD sample did not report any 
emotion recognition abnormalities (Schwenck et al., 2013). Only one study in-
vestigated a group of individuals with ADHD and comorbid ODD and reported 
abnormalities in emotion recognition compared with a group of typically develop-
ing individuals (Downs & Smith, 2004). In contrast, for individuals with ODD, 
abnormalities in emotion recognition have been repeatedly studied and reported 
(Loeber et al., 2008; Matthys, Vanderschuren, Schutter, & Lochman, 2012). Taking 
all these studies and their characteristics into account, it may be that previously 
reported abnormalities in emotion recognition for ADHD may be accounted for by 
comorbid ODD.
 
In the domain of temporal processing, including time estimation and time  
(re)production, several studies have reported abnormalities for ADHD (for a 
review see Noreika, Falter, & Rubia, 2013). However, so far only one study investi-
gated temporal processing abnormalities in individuals with ADHD and comorbid 
ODD and showed that abnormalities were more pronounced in the comorbid 
group than in the group with only ADHD (Luman et al., 2009). This is in line 
with other studies that report an association between aggression and a bias to 
perceive time to elapse more quickly (Dougherty et al., 2007). The single study on 
comorbid ODD suggests that the comorbid group shows at least similar, and likely 
more severe, abnormalities in temporal processing compared with a group with 
only ADHD, possibly due to both disorders carrying temporal processing deficits 
(Luman et al., 2009). To conclude, it is unclear whether the findings of temporal 
processing deficits in ADHD are confounded by the presence of comorbid ODD.
 
Concluding, even though abnormalities in the aforementioned neurocognitive 
domains have been repeatedly reported in ADHD and/or ODD, findings remain 
inconsistent, possibly due to the high comorbidity between ADHD and ODD. 
The issue of whether previous findings truly reflect neurocognitive dysfunction in 
ADHD or rather neurocognitive dysfunction related to comorbid ODD was inves-
tigated in Chapter 3 of the current thesis. To this end, we study neurocognitive 
function in both the cool and hot EF domains as well as in the temporal process-
ing domain of individuals with either only ADHD or ADHD with comorbid ODD. 
This is important since it will advance our knowledge on ADHD and ADHD with 
comorbid ODD, as well as clarify previous inconsistencies in the literature. We ex-
pect that some of the previously reported characteristics reported to be associated 
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with ADHD are in fact related to comorbid ODD. Moreover, we expect individuals 
with ADHD+ODD to show a double burden, reflected in those individuals exhibit-
ing the neurocognitive impairments related to ADHD and those related to ODD, 
and exhibiting even larger impairments in neurocognitive domains that are impli-
cated in both ADHD and ODD. 
 
BRAIN STRUCTURE AND FUNCTION
In recent years, magnetic resonance imaging (MRI) studies have provided insight 
into the underlying brain mechanisms of disorders such as ADHD. Although 
numerous studies have targeted ADHD and disruptive behaviours in general, not 
that much attention has been given to ODD. Therefore, so far, not much is known 
about the neural characteristics of ODD, either in singularity or as comorbidity 
with ADHD. In order to clarify alterations in brain structure or function in rela-
tion to ODD, we performed a review and meta-analysis. The results of this study 
are described in Chapter 4. In that review and meta-analysis we not only include 
studies that focussed on ODD, but also studies that focussed on CD, since DSM-IV 
and previous DSM versions did not allow both disorders to be diagnosed simulta-
neously, although there is a substantial overlap, with up to 62% of individuals with 
CD showing comorbid ODD (Maughan et al., 2004). Additionally, we accounted 
for the presence of ADHD in studies reporting on ODD by separately analysing 
studies with pure ODD/CD and those with comorbid samples. 
 
So far, no studies on neuroanatomical correlates exclusively focused on individuals 
with only ODD or on ADHD with comorbid ODD. Rather, studies included mixed 
samples of children with ADHD with and without comorbid ODD, or included 
children with both (comorbid) ODD and CD. Since previous studies into struc-
tural and functional brain characteristics of ADHD are still, in differing degrees, 
inconsistent in their findings, it is of great importance to study the different 
characteristics of ADHD+ODD versus ADHD-only in terms of neuroanatomical 
correlates. Therefore, in Chapter 5 and Chapter 6 of this thesis, we examined 
structural abnormalities of comorbid ODD, by comparing individuals with ADHD 
to individuals with ADHD with comorbid ODD and to a group of typically devel-
oping individuals. Finally, we examined functional brain abnormalities in these 
groups in Chapter 7. 
Structural imaging of ADHD and ODD - Volumetric
Neuroanatomical findings most consistently reported for ADHD are reduced total 
grey matter volume and reduced volume of the basal ganglia and the cerebel-
lum (see for reviews: Faraone et al., 2015; Rubia, Alegria, & Brinson, 2014). For the 
latter, cortical thickness abnormalities are also reported for ADHD. Additionally, 
although less consistently, volumetric reductions and reduced cortical thickness of 
the frontal and temporal lobes have been reported for individuals with ADHD (see 
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for reviews Faraone et al., 2015; Rubia et al., 2014). Finally, some studies reported 
volumetric abnormalities in the amygdala and insula to be related to ADHD, but 
especially for the amygdala findings are very inconsistent (Frodl et al., 2010; Lopez-
Larson, King, Terry, McGlade, & Yurgelun-Todd, 2012; Maier et al., 2015; Perlov et 
al., 2008; Plessen et al., 2006; Villemonteix et al., 2015). 
Of the studies described in the previous paragraph, the majority did not take 
comorbid ODD into account or did not report on it. For volumetric abnormali-
ties in the frontal cortex, the few studies that included individuals with only 
ADHD, were less likely to find abnormalities than studies that included comorbid 
individuals (for an overview see Stevens & Haney-Caron, 2012). Furthermore, it 
has been shown that accounting for the presence of comorbid ODD significantly 
influenced volumetric findings in ADHD (McAlonan et al., 2007; Sasayama et al., 
2010). More specifically, individuals with both disorders showed larger abnormali-
ties in the cerebellum and striatum than individuals with only ADHD (McAlonan 
et al., 2007), and individuals with only ADHD showed more widespread abnor-
malities after controlling for comorbid ODD in (among others) the polar cortices 
and left middle frontal gyrus (Sasayama et al., 2010). Moreover, studies assessing 
individuals with only ADHD showed no volumetric abnormalities in the amygdala 
(Perlov et al., 2008; Plessen et al., 2006; Villemonteix et al., 2015), and abnormali-
ties in the insula were accounted for by comorbid ODD (Lopez-Larson et al., 2012). 
Thus, previous findings may not purely reflect neuroanatomical characteristics of 
ADHD, but may be confounded by comorbid ODD. 
In addition to volumetric characteristics, structural abnormalities may also be pre-
sent in terms of cortical thickness. An influential study showed a delay in cortical 
development for individuals with ADHD, but, of that sample 35% of the individu-
als had a comorbid diagnosis of ODD, suggesting that comorbid ODD may have 
tainted those findings (Faraone et al., 2015; Shaw et al., 2007). The studies that 
focused on volumetric characteristics of individuals with ODD and/or CD with 
and without comorbid ADHD consistently reported reduced volumes of the amyg-
dala, insula and frontal lobe (Noordermeer, Luman, & Oosterlaan, 2016). A study 
that investigated an ODD/CD sample reported a decreased overall mean cortical 
thickness and thinning of the cingulate, prefrontal and insular cortices (Fahim et 
al., 2011).
Summarizing, while neuroanatomical abnormalities in ADHD appear to be most 
strongly related to the frontal regions, ADHD with comorbid ODD seems to be 
associated with abnormalities in the frontal regions, amygdala, and insula. The 
overlap in affected brain areas may explain inconsistencies in reported abnormali-
ties for frontal areas in ADHD, as these may be driven (partly) by the presence of 
comorbid ODD or by a combined effect of both disorders. So far, the literature 
does not answer the question on whether previously reported abnormalities in 
ADHD reflect neuroanatomical characteristics of ADHD or rather of comorbid 
ODD. Therefore, we assessed the differences between ADHD with comorbid ODD 
and ADHD-only in terms of structural brain characteristics in Chapter 5. We 
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expected that some of the previously reported neuroanatomical abnormalities for 
ADHD are in reality related to comorbid ODD rather than to ADHD. Furthermore, 
we expected individuals with ADHD+ODD to show a double burden, reflected in 
those individuals exhibiting the neuroanatomical abnormalities associated with 
both ADHD and ODD, and showing even larger structural deviations in regions 
that are implicated in both ADHD and ODD.
Structural imaging of ADHD and ODD – Connectivity
In addition to the volumetric alterations, neuroimaging studies have consistently 
implicated differences in the microstructural properties of white matter (WM) 
tracts, as measured by Diffusion Tensor Imaging (DTI) (Aoki, Cortese, & Castel-
lanos, 2018). WM tracts play an important role in information transfer between 
brain regions, and abnormalities in the microstructure or integrity of these tracts 
can have important implications for the structural and functional connectivity of 
the brain, which could ultimately result in neurocognitive deficits and behavioural 
problems. Meta-analytic evidence points towards atypical fractional anisotropy 
(FA) in individuals with ADHD (for an extensive review see Aoki et al., 2018). Ac-
cording to that review and meta-analysis, the location of alterations depended on 
the study approach, but alterations in the corpus callosum, frontal lobes, anterior 
cingulate, right inferior fronto-occipital fasciculus, and the left inferior longitudi-
nal fasciculus have been repeatedly reported. However, the direction of findings, 
being either reduced or increased FA, in ADHD are still inconsistent, precluding 
generalisability and interpretability of WM abnormalities in ADHD. Again, as for 
the previous paragraphs, the impact of comorbid ODD has not been specifically 
investigated. Moreover, to our current knowledge, no DTI studies of ODD have 
been performed, and it is currently unknown whether ODD is associated with 
differences in WM microstructure. Based on studies including samples with both 
ODD and CD that showed WM alterations, it could be expected that these altera-
tions are, at least to some extent, implicated in ODD (Li, Mathews, Wang, Dunn, 
& Kronenberger, 2005; Wang et al., 2012). Of those two studies, one directly com-
pared individuals with ODD/CD with comorbid ADHD to those with ODD/CD 
without comorbid ADHD, and found that the comorbid group showed additional 
abnormalities in the corpus callosum and anterior, superior and posterior corona 
radiata (Wang et al., 2012). These findings suggest that ADHD+ODD may be as-
sociated with greater white matter abnormalities than either disorder alone. Thus, 
it is possible that the inconsistencies in the ADHD DTI literature are partially due 
to differences between studies in the in- or exclusion of subjects with comorbid 
ODD, underlining the fact that comorbidity is an important factor to consider. 
Taken together, ADHD is associated with altered WM microstructure throughout 
the brain. Although WM alterations in ODD are still poorly understood, these 
may be expected in partly similar regions, since those areas have been implicated 
in mixed samples of individuals with both ODD and CD. Because most previous 
DTI studies in ADHD did not account for the presence of comorbid ODD, it is pos-
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sible that ODD-related WM abnormalities may have influenced the current DTI 
literature on ADHD. In Chapter 6 we compared structural connectivity data of 
individuals with ADHD-only to those of individuals with ADHD+ODD, in order 
to elucidate the impact of comorbid ODD on structural connectivity alterations 
in ADHD. We expect individuals with ADHD+ODD to show a double burden, re-
flected in those individuals exhibiting larger alterations in connectivity in regions 
that are implicated in both ADHD and ODD compared with only ADHD.
Functional imaging of ADHD and ODD
As discussed above, numerous explanatory models of ADHD suggest that the 
disorder is related to deficits in several domains of EF (Castellanos & Tannock, 
2002; de Zeeuw et al., 2012; Sonuga-Barke et al., 2010). In terms of brain regions, 
cool EF and hot EF are thought to be related to activity in more or less independ-
ent, neural networks (Harms, Zayas, Meltzoff, & Carlson, 2014), including the 
fronto-dorsal striatal and fronto-ventral striatal networks, respectively (Rubia, 
2011; Sonuga-Barke, 2003). Up till now, functional MRI studies indicate that when 
performing cool EF-related tasks, individuals with ADHD are characterized by hy-
poactivation of several networks, such as the (dorsolateral) frontostriatal network, 
the frontoparietal network, and the ventral attention network (Faraone et al., 
2015; Rubia, 2011). Reduced activation of these networks has been associated with 
impairments in working memory, response inhibition, and focussed attention, 
respectively. In terms of hot EF, the majority of functional neuroimaging studies in 
individuals with ADHD focussed on reward sensitivity, and these studies consist-
ently report deficiencies in reward anticipation, associated with reduced activity 
of the ventral striatum (Faraone et al., 2015; Plichta & Scheres, 2014; Rubia et al., 
2014). Furthermore, although reported less consistently, reduced activity of the 
thalamus, amygdala, and anterior cingulate have been found for ADHD in relation 
to abnormalities in reward processing (Faraone et al., 2015; Rubia, 2011). Thus, in 
terms of neural activity there is evidence of both cool and hot EF deficits in indi-
viduals with ADHD. 
A relatively ignored clinical group in fMRI research is the group of individuals with 
ODD (both with and without comorbid ADHD), resulting in a lack of knowledge 
on functional brain characteristics of individuals with ADHD with comorbid 
ODD. Where for pure ADHD samples studies on working memory consistently 
reported reduced brain activity (Connor & Doerfler, 2008), brain activity during a 
working memory task has not been specifically investigated for individuals with 
ADHD and comorbid ODD. Yet, behavioural studies do suggest the presence of 
working memory abnormalities for ODD (Rhodes et al., 2012), implying these 
abnormalities may also be present for individuals with ADHD and comorbid ODD. 
 
In terms of inhibition, an extensive meta-analysis on brain activity in individuals 
with ADHD showed that at least 29% of the included samples comprised individu-
als with comorbid ODD, but the specific impact of comorbid ODD has not been 
investigated yet (Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013). Additionally, 
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another study showed that a stronger inhibition network is related to lower levels 
of ADHD, although 43% of the included individuals with ADHD showed comorbid 
ODD (Van Rooij et al., 2015). Only one study investigated functional neural corre-
lates of inhibition in individuals with ODD and that study reported both increased 
and reduced activity in different frontal areas, compared with typically developing 
individuals (Zhu et al., 2014). There are no studies that specifically investigated 
inhibition-related brain activity in individuals with ADHD and comorbid ODD. 
For hot EF, as for cool EF, the impact of comorbid ODD on functional brain char-
acteristics of individuals with ADHD has not been investigated so far. However, 
abnormalities in reward processing have been reported for ODD and CD (Byrd, 
Loeber, & Pardini, 2014) and reduced amygdala and striatum activity are key find-
ings in functional imaging studies in these samples (Noordermeer et al., 2016). 
Thus, although the (possible) impact of ODD is unknown, findings in samples 
with ODD and CD indicate specific impairments associated with ODD in areas 
with inconsistent findings for ADHD samples.
Clearly, more studies are needed to elucidate the impact of comorbid ODD on 
neural processing of hot and cool EF in individuals with ADHD, and therewith 
clarify the specificity of previous findings. In Chapter 7 we compared data of indi-
viduals with ADHD-only, individuals with ADHD+ODD and controls on three dif-
ferent functional imaging tasks, assessing both cool and hot EF. We expected that 
some of the previously reported brain activity abnormalities for ADHD are actually 
related to and may be party explained by comorbid ODD, especially abnormali-
ties related to hot EF. In addition, we expected brain activity abnormalities in both 
cool and hot EF to be more distributed in the ADHD+ODD than in the ADHD-
only group, comprising both the brain activity abnormalities related to ADHD and 
those to ODD, and to be more pronounced, because of a double burden for regions 
that are implicated in both ADHD and ODD.
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THESIS AIMS AND STUDY DESIGN
The main aim of the current thesis is to advance our understanding regarding the 
influence of comorbid ODD on several aspects of ADHD, since this has scarcely 
been done but as substantiated in the previous paragraphs is of paramount impor-
tance. Not only will this improve our knowledge on ADHD with comorbid ODD, 
thereby investigating characteristics of a large group of individuals who face worse 
odds than those with only ADHD in terms of functional and vocational outcomes, 
but this may also shed some light on an important source of the heterogeneity 
in findings on ADHD. The to be investigated aspects range from the aetiology in 
terms of pre- and perinatal, transgenerational and postnatal risk factors (Chapter 
2), neurocognitive characteristics of both disorders, which we study by means of 
task performance during cool and hot EF (Chapter 3), to brain characteristics of 
both disorders, which we study by assessing both structural (Chapters 4, 5, and 
7) and functional characteristics during cool and hot EF tasks (Chapters 4 and 
6).  
 
All studies described in this thesis are based on the Dutch part of the International 
Multicenter ADHD Genetics (IMAGE) project and the NeuroIMAGE project. 
The NeuroIMAGE project is a follow-up study of the IMAGE project, a multi-site 
prospective cohort study set up to investigate the course of ADHD (Von Rhein 
et al., 2015). The dataset comprised, among others, environmental determinants 
and neurocognitive as well as neurobiological data for a total of 1069 participants: 
751 from ADHD families and 318 from control families, ranging in age from 16 
to 48 years. Using all available data, we identified three groups, that we study 
throughout the different chapters of the current thesis. One group consists of typi-
cally developing individuals, free of any psychiatric disorders. The second group 
consists of individuals with only an ADHD diagnosis, thus no ODD or any other 
psychiatric disorders. The third group consists of individuals with both an ADHD 
and an ODD diagnosis, but no other psychiatric disorders. Using these groups, we 
are able to study the specific impact of comorbid ODD in individuals with ADHD 
on risk factors, neurocognitive functioning and brain characteristics in extensively 
phenotyped samples. Inclusion criteria were as follows: European Caucasian de-
scent, IQ ≥ 80 (as estimated with the Vocabulary and Block Design subtests of an 
age-appropriate Wechsler Intelligence Scale for Children or Wechsler Adult Intelli-
gence Scale), and no diagnosis of autism, Asperger’s, anxiety disorder, depression, 
epilepsy, general learning difficulties, brain disorders, or known genetic disorders 
(e.g., fragile X syndrome or Down syndrome). For the separate studies, addition in-
clusion criteria may apply, such as contraindications for MRI scanning. This multi-
method, multi-trait approach is a significant strength of the current thesis.
 
We expect to find larger deviations from the normal population for all to be 
investigated factors for the comorbid ADHD+ODD group, compared with the 
ADHD-only group. Although not much is known about the specific characteristics 
of ODD, based on the literature on individuals with ODD/CD, implicated domains 
seem to show both unique and overlapping characteristics relative to ADHD. 
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This results in the expectation that individuals suffering from both disorders, 
are affected by a double burden. Thus, we expect that (1) some of the previously 
reported characteristics reported to be associated with ADHD are in fact related to 
comorbid ODD, that (2) individuals with ADHD+ODD show the separate char-
acteristics of both disorders, and that (3) individuals with ADHD+ODD show a 
double burden, reflected in larger impairments in domains that are implicated in 
both ADHD and ODD, compared with either of the disorders in singularity. 
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ABSTRACT
Background. Oppositional defiant disorder (ODD) is highly prevalent in 
attention-deficit/hyperactivity disorder (ADHD). Individuals with both ADHD 
and ODD (ADHD+ODD ) show a considerably worse prognosis compared with 
individuals with either ADHD or ODD. Therefore, identification of risk factors 
for ADHD+ODD is essential and may contribute to the development of (early) 
preventive interventions. 
Method. Participants were matched for age, gender, and ADHD-subtype (diag-
nostic groups), and did not differ in IQ. Predictors included pre- and perinatal risk 
factors (pregnancy duration, birth weight, maternal smoking during pregnancy), 
transgenerational factors (parental ADHD; parental warmth and criticism in di-
agnostic groups), and postnatal risk factors (parental socioeconomic status [SES], 
adverse life events, deviant peer affiliation). Three models were assessed, investi-
gating risk factors for ADHD-only versus controls (N = 86), ADHD+ODD versus 
controls (N = 86), and ADHD+ODD versus ADHD-only (N = 90). 
Results. Adverse life events and parental ADHD were risk factors for both 
ADHD+ODD and ADHD-only, and more adverse life events were an even stronger 
risk factor for comorbid ODD compared with ADHD-only. For ADHD+ODD , but 
not ADHD-only, parental criticism, deviant peer affiliation, and parental SES acted 
as risk factors. Maternal smoking during pregnancy acted as minor risk factor for 
ADHD-only, while higher birth weight acted as minor risk factor for ADHD+ODD. 
No effects of age were present. 
Conclusion. Findings emphasise the importance of these factors in the develop-
ment of comorbid ODD. The identified risk factors may prove to be essential in 
preventive interventions for comorbid ODD in ADHD, highlighting the need for 
parent-focused interventions to take these factors into account.
Keywords: ADHD, ODD, Risk factors, Comorbidity
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a common childhood psy-
chiatric disorder that is defined by developmentally inappropriate levels of 
inattention, and/or hyperactivity and impulsivity (American Psychiatric Associa-
tion, 2013). Previously identified risk factors for ADHD include both genetic and 
environmental factors. However, the genetic risk factors identified thus far explain 
only a small percentage of the heritability (for extensive reviews see Faraone et al., 
2015; Thapar, Cooper, Eyre, & Langley, 2013). Environmental risk factors for ADHD 
have shown to have more substantial effect sizes than genetic factors (Faraone et 
al., 2015), and may have more immediate relevance for clinical treatment. While 
some environmental factors can be used to provide early identification of at-risk 
individuals, others can possibly be counteracted by education, training, or inter-
ventions. Environmental factors can be subdivided into pre- and perinatal factors, 
transgenerational influences and postnatal factors. Well-documented pre- and 
perinatal factors for ADHD include premature birth, low birth weight and mater-
nal smoking during pregnancy (Kimonis & Frick, 2010). Low birth weight is one of 
the most investigated and consistently reported risk factors for ADHD, and might 
even (partly) explain the association between maternal smoking during pregnancy 
and ADHD (Nigg & Breslau, 2007; Pettersson et al., 2015). Well-documented 
transgenerational influences and postnatal risk factors include a family history of 
ADHD and higher levels of family conflict (Loeber, Slot, Van der Laan, & Hoeve, 
2008; Sonuga-Barke et al., 2009), although a family history of ADHD is likely to 
comprise both environmental and genetic influences.
A condition which is frequently comorbid with ADHD is oppositional defiant 
disorder (ODD), occurring in up to 60% of individuals with ADHD (Burke, Loe-
ber, & Birmaher, 2002; Connor & Doerfler, 2008). ODD is defined by a frequent 
and persistent pattern of irritable and angry mood, vindictiveness, and develop-
mentally inappropriate, negativistic, defiant, and disobedient behaviour toward 
authority figures (American Psychiatric Association, 2013).. Individuals with both 
ADHD and ODD have a considerably worse prognosis than individuals with either 
one of the disorders in terms of an increased risk to develop anxiety and depres-
sive disorders as well as conduct disorder and even antisocial personality disorder 
later in life (Anderson & Kiehl, 2012; Loeber, Burke, Lahey, Winters, & Zera, 2000). 
Furthermore, the comorbid group shows an earlier onset with more functional 
impairments and exhibits more physical aggression and delinquency than in-
dividuals with ADHD or ODD alone (Anderson & Kiehl, 2012; Loeber, Burke, & 
Pardini, 2009; Loeber et al., 2000). This emphasises the need to not only identify 
risk factors for ADHD, but especially for ODD comorbid with ADHD. The iden-
tification of these factors can contribute to the development of early preventive 
interventions.
Compared with ADHD, relatively few studies have investigated risk factors for 
comorbid ODD in ADHD. Reported risk factors for ODD, which are arguably 
also implicated in the development of comorbid ODD, include both risk factors 
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overlapping with those reported for ADHD and risk factors specific for ODD. 
Overlapping risk factors for ODD and ADHD encompass maternal smoking 
during pregnancy, a family history of ADHD or ODD, and higher levels of family 
conflict (Boden, Fergusson, & Horwood, 2010; Loeber et al., 2008; Nigg & Breslau, 
2007). Specific risk factors for ODD, compared with ADHD, include deviant peer 
affiliation, harsh or inconsistent parenting, low levels of parental affection, and 
exposure to family violence (Boden et al., 2010; Loeber et al., 2008; Richards et al., 
2015). Studies into specific risk factors for comorbid ODD in ADHD have mainly 
focused on transgenerational influences, such as parental psychopathology and 
parenting styles, and reported significant associations of those factors with ODD, 
rather than with ADHD (for reviews see Deault, 2010; Modesto-Lowe, Danforth, & 
Brooks, 2008). The relative paucity of studies that investigated other environmen-
tal risk factors for the development of comorbid ODD in individuals with ADHD 
is remarkable, given the high prevalence of this comorbid condition.
The aim of the current study was to investigate potential risk factors for the 
development of comorbid ODD in individuals with ADHD (ADHD+ODD ), and 
to identify whether risk factors differed for individuals with ADHD-only and 
individuals with ADHD+ODD. To this end, we assessed pre- and perinatal risk 
factors (pregnancy duration, birth weight, maternal smoking during pregnancy), 
transgenerational influences (parental ADHD, for ADHD-only and ADHD+ODD 
parental warmth and parental criticism as well), and postnatal risk factors (so-
cioeconomic status [SES], adverse life events, deviant peer affiliations) in three 
groups: ADHD+ODD , ADHD-only, and typically developing controls. All groups 
were matched for age and gender, and the diagnostic groups were additionally 
matched for IQ and ADHD-subtype. We hypothesised that for both ADHD+ODD 
and ADHD-only (compared with controls), pre- and perinatal adversities and 
negative transgenerational influences would be risk factors (Boden et al., 2010; 
Latimer et al., 2012). In differentiating between ADHD+ODD and ADHD-only, 
we hypothesised that postnatal risk factors would be more strongly related to 
ADHD+ODD (Aebi et al., 2015; Deault, 2010). Finally, we expected less parental 
warmth and more parental criticism to be predictive for ADHD+ODD group mem-
bership, compared with ADHD-only (Deault, 2010; Richards et al., 2015).
METHODS
Participants
Participants (N = 246) were equally divided over three groups: (1) participants with 
ADHD+ODD (n = 82), (2) participants with ADHD-only (n = 82), and (3) typically 
developing controls (n = 82). Groups were carefully matched on age (≤1 year) and 
gender, and the diagnostic groups were additionally matched on IQ [≤10 points, 
estimated using the Block Design and Vocabulary subtests of the WISC (partici-
pants <17) or WAIS (participants 17 and older)] and ADHD-subtype. Mean age of 
2
    Risk Factors for ADHD+ODD and ADHD-only  |  37
the participants was 16 years (SD 3.1), and each group consisted of 55 boys and 27 
girls. See Table 2.1 for further group characteristics.
Participants were selected from the NeuroIMAGE cohort (Von Rhein et al., 2015), 
which included both ADHD families and control families. ADHD families con-
sisted of participants in the ADHD-only or ADHD+ODD group and their biologi-
cal brothers or sisters, control families consisted of participants in the control 
group and their biological brothers or sisters. For an overview of the collected data 
and associated time points, see also the online supplement S1. Inclusion criteria 
for the current study were: European Caucasian descent, IQ ≥ 80, no diagnosis of 
conduct disorder, autism, anxiety disorder, depression, epilepsy, general learn-
ing difficulties, neurological disorders or known genetic disorders (e.g. Fragile X 
syndrome, Down syndrome). Individuals in the ADHD+ODD group were only al-
lowed to have an ADHD diagnosis and comorbid ODD, whereas individuals in the 
ADHD-only group were only allowed to have an ADHD diagnosis. Controls and 
their first- and second-degree relatives were not allowed to have a past or current 
Table 2.1. Group characteristics final sample
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 45) (n = 45) (n = 42)
M SD M SD M SD  
Age (years) 16.7 2.7 16.8 2.6 16.3 3.1 ns
IQ 97.2 11.7 97.6 12.4 98.9 8.3 ns
Gender  
(% Male)
64 64 64 ns
ADHD-type
(I/HI/C)
15/3/27 - 15/3/27 - - - ns
ADHD total 
symptomsa
14.2 2.8 13.9 3.0 0.5 1.0 ADHD, ADHD+ODD > TDC***
Hyperactive 
symptomsa
6.2 2.2 6.3 2.3 0.2 0.6 ADHD, ADHD+ODD > TDC***
Inattentive 
symptomsa
8.0 1.1 7.6 1.6 0.3 0.7 ADHD, ADHD+ODD > TDC***
ODD symptomsb 5.4 1.2 0.4 0.9 0.0 0.0 ADHD+ODD > ADHD, TDC***
ADHD > TDC *
CD symptomsb 1.0 1.4 0.2 0.5 0.0 0.0 ADHD+ODD > TDC ***
ADHD+ODD > ADHD **
ADHD > TDC *
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; C = Combined type; CD = Conduct Disorder; 
HI = predominantly Hyperactive-Impulsive type; I = predominantly Inattentive type; ns = not significant; 
ODD = Oppositional Defiant Disorder; TDC = Typically Developing Controls.
a As measured using the combination of K-SADS-PL and Conners’ scales Total, Inattentive, Hyperac-
tive/Impulsive
b As measured using the combination of K-SADS-PL and Conners’ scale Oppositional
c  As measured using the combination of K-SADS-PL
* p < .05, ** p < .01, *** p < .001
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DSM-IV diagnosis. A total of 1069 participants (751 children from ADHD families; 
318 children from control families) contributed data to NeuroIMAGE, of which 82 
participants were diagnosed with both ADHD and ODD and met our inclusion 
criteria. Individuals with ADHD-only and controls were matched to this group.
Diagnostic assessment
To determine ADHD and ODD diagnoses, participants were assessed using a com-
bination of the Schedule for Affective Disorders and Schizophrenia for School-Age 
Children-Present and Lifetime Version (K-SADS-PL) and Conners ADHD ques-
tionnaires from multiple informants. For each individual the K-SADS interview 
was completed by the parent(s), and for individuals aged 12 and older the K-SADS 
interview was also completed by the participant. Furthermore, each individual 
was assessed with a teacher-rating (Conners Teacher Rating Scale-Revised:Long 
version [CTRS-R:L]; Conners, Sitarenios, Parker, & Epstein, 1998; applied for 
participants <18 years) or a Self-Report questionnaire (Conners Adult ADHD Rat-
ing Scales-Self-Report:Long Version [CAARS-S:L]; Conners, Erhardt, & Sparrowd, 
1999; applied for participants ≥18 years). The CTRS-R:L assesses both ADHD and 
ODD symptoms, while the CAARS-S:L assesses only ADHD symptoms. This com-
bination of assessments ensured that for both ADHD and ODD multi-informant 
assessments were available: for individuals <12 years old, a parental K-SADS was 
combined with the CTRS, for individuals aged 12–18, a parental and self-report 
K-SADS were combined with the CTRS, and for individuals ≥18, a parental and 
self-report K-SADS were combined with the CAARS. For participants using medi-
cation, ratings were done of functioning off medication.
For ADHD, a diagnostic algorithm was applied to combine symptom counts on the 
K-SADS and CTRS-R:L (for participants <18 years) or CAARS-S:L (for participants 
≥18), both providing operational definitions of ADHD defined by the DSM-IV 
(American Psychiatric Association, 2000). Participants with ADHD were required 
to obtain a combined symptom count of ≥6 symptoms of hyperactive/impul-
sive behaviour and/or inattentive behaviour, provided they: (a) met the DSM-IV 
criteria for pervasiveness and impact of the disorder (K-SADS), (b) showed an age 
of onset before 12 (K-SADS), and (c) received a T ≥ 63 on at least one of the DSM 
ADHD scales (total, inattentive behaviour, hyperactive/impulsive behaviour) on 
either one of the Conners questionnaires (Brasil & Bordin, 2010). Likewise, for 
ODD, a diagnostic algorithm was applied to combine symptom counts on the K-
SADS and CTRS-R:L (for participants <18 years), both providing operational defi-
nitions of ODD defined by the DSM-IV (American Psychiatric Association, 2000). 
Participants with ODD were required to obtain a combined symptom count of ≥4 
symptoms of oppositional behaviour, provided they: (a) met the DSM-IV criteria 
for pervasiveness and impact of the disorder (K-SADS), and (b) received a T ≥ 63 
on the DSM Oppositional behaviour scale of the CTRS-R:L.
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Risk factors
Pre- and perinatal factors. Pre- and perinatal risk factors were assessed using a 
parent-reported questionnaire and included pregnancy duration (weeks) and birth 
weight (grams). Furthermore, maternal smoking during pregnancy was assessed 
per trimester and dosage. In the control group, 10 mothers smoked during preg-
nancy: 2 mothers smoked 11–15 cigarettes per day, 2 mothers smoked 6–10 ciga-
rettes per day, 6 mothers smoked 1–5 cigarettes per day. In the ADHD-only group, 
14 mothers smoked during pregnancy: 6 mothers smoked 6–10 cigarettes per day, 
8 mothers smoked 1–5 cigarettes per day. Finally, in the ADHD+ODD group, 9 
mothers smoked during pregnancy: 2 mothers smoked 11–15 cigarettes per day, 
2 mothers smoked 6–10 cigarettes per day, 5 mothers smoked 1–5 cigarettes per 
day. Given that the number of smoking mothers and the range in dosage was very 
low together with our findings that our regression models substantially improved 
when using a dichotomous (yes/no) measure of smoking, rather than a trimes-
ter or dosage-related measure, we decided to include the dichotomous measure. 
Hence, maternal smoking during pregnancy was scored as a ‘yes’ when the mother 
smoked during at least one trimester.
Parental ADHD. Parents were assessed for ADHD, using a similar combination of 
a semi-structured interview (K-SADS) and an Observer-Rated Symptom question-
naire (Conners) to the one used for the participants. Parental ADHD was scored 
present if one or both of the parents had a childhood or current diagnosis of 
ADHD, otherwise it was scored absent.
Adverse life events. Parents completed the Long-Term Difficulties questionnaire 
(developed by TRAILS: Oldehinkel, Verhulst, & Ormel, 2008), which contained 13 
items measuring adversities experienced during childhood in multiple settings. 
These childhood adversities included being bullied, having conflicts with relatives, 
or relatives having ongoing conflicts among each other, and other persisting prob-
lems at home or school such as living in an unsafe neighbourhood. The dependent 
variable was the total number of adversities the participant had experienced.
Socioeconomic status. Socioeconomic status (SES) was assessed using the high-
est successfully completed educational level of the parents as reported on a Self-
Report questionnaire (averaged over both parents). Because in the Netherlands 
many different trajectories can lead to higher education, it is possible that indi-
viduals with a similar amount of educational years differ in their level of education 
(e.g. senior secondary vocational and pre-university both take 12 years to achieve) 
(Buis, 2010). Therefore, we chose, in line with specific studies on this matter in the 
Dutch society, to recode the highest successfully completed educational level into 
a measure reflecting years of education, corrected for the level of education (Buis, 
2010).
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Deviant peer affiliation. Deviant peer affiliation was measured using the Friends 
Inventory, in which participants were asked about the characteristics of their peers 
(18 items, e.g. ‘my friends break the rules’) (Walden, McGue, Lacono, Burt, & 
Elkins, 2004). This questionnaire yielded a deviant peer affiliation score (based on 
nine items) with higher scores indicating less deviant peers. Good internal consist-
ency (.78–.92, see Burt, McGue, & Iacono, 2009; Hicks, Krueger, lacono, McGue, & 
Patrick, 2004; Walden et al., 2004), and inter-rater reliability (.71, see Hicks, South, 
Dirago, Iacono, & McGue, 2009) have been reported.
Expressed emotions (parental warmth and criticism). Expressed emotions 
(EE) was assessed during the diagnostic interview (PACS) of the IMAGE-study, 
which was performed 6 years previous to the current study (Sonuga-Barke et al., 
2009), using the scoring derived from Camberwell Family Interview (Brown & 
Rutter, 1966). Scores from both parents were averaged. Warmth was assessed by 
the tone of voice, spontaneity, sympathy, and/or empathy toward the child (range 
0–3). Criticism was assessed by statements which criticised or found fault with 
the child based on tone of voice and critical phrases (range 0–4) (Richards et al., 
2014; Sonuga-Barke et al., 2009). Inter-rater reliability has been found adequate 
for warmth and criticism (range .78–91 and .79–.86, respectively; Schachar, Taylor, 
Wieselberg, Thorley, & Rutter, 1987). An average agreement percentage of 96.6% 
(range 78.6–100) and a mean Kappa coefficient of .88 (range .71–1.00) have been 
reported (Muller et al., 2011). Data were available for the diagnostic groups only.
Procedure
The current study was part of a comprehensive assessment protocol encompassing 
phenotypic, neurocognitive, and magnetic resonance imaging assessments (Von 
Rhein et al., 2015). Data on risk factors were assessed for all groups, except for pa-
rental warmth and parental criticism, which were only available for the diagnostic 
groups. Informed consent was signed by all participants (for participants <12 years 
only parents signed informed consent, for participants between 12 and 18 years 
both the participants and their parents signed, for participants >18 years only the 
participants signed), and the study was approved by the local ethics committees.
Statistical analyses
All dependent variables were normally distributed and did not contain outliers 
(defined as a score of >3 SD from the mean score). Groups were compared on 
demographic and ADHD-related variables using analysis of variance (ANOVA) or 
Chi-square tests. For pre- and perinatal risk factors, data were available for 57–81% 
of the subjects. For other risk factors, there were some missing data (20.7% devi-
ant peers, 6.1% parental warmth, 4.1% SES, 1.6% adverse life events), which were 
mainly due to not assessed questionnaires, logistic problems or incompletely filled 
out questionnaire, and were randomly distributed over the groups. The assessed 
analysis (LASSO; see below) does not allow missing data on the predictors; there-
fore, cases with missing values were omitted from the analysis. Since LASSO can 
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be applied even in models with the number of predictors exceeding the number of 
participants, the smaller sample size poses no problem in the current study where 
the number of participants still substantially exceeds the number of predictors. Fi-
nal sample size was N = 86 participants for the analyses for controls versus ADHD-
only and for the analyses for controls versus ADHD+ODD , while for ADHD-only 
versus ADHD+ODD the final sample size was N = 90. Due to the amount of miss-
ing data, we investigated whether the resulting subsamples differed from the ini-
tial matched samples. Results of these comparisons showed that the subsamples 
were still matched for age, gender, IQ, and ADHD-type (for diagnostic groups), 
and showed similar group comparison results in terms of ADHD symptom and 
ODD symptom levels, as shown in Table 2.1.
For the predictive value analysis of the complete set of risk factors, least abso-
lute shrinkage and selection operator (LASSO) penalised logistic regression in R 
was used, using the glmnet-package (Tibshirani, 1996). The LASSO approach is 
a shrinkage and selection method for logistic regression with the advantage of 
automatically assigning a penalized term to the predictors, and thereby select-
ing a model with the best fitting set of predictors (Tibshirani, 1996; Tibshirani et 
al., 2012). That is, LASSO selects an optimal set of predictors that is a trade-off 
between the number of predictors and the amount of explained variance. The 
outcome measure was group membership, being either control group, ADHD-only 
group, or ADHD+ODD group. Selection of the strength of the penalty term was 
performed through cross-validation (20-fold). For this model, the percentage of 
explained deviance was calculated, which compares to the explained variance (i.e. 
the deviance is the increase in explained variance over the explained variance of 
the null (intercept-only) model) (Tibshirani, 1996). Post hoc, an estimation of the 
explained deviance for each selected predictor was calculated by selectively leaving 
out one predictor and re-running the analysis. Since the explained deviance of the 
model is based on the total set of predictors, the estimations for the single predic-
tors deviate from the total explained deviance due to combined effects of predic-
tors and the estimation routine. Therefore, we also report the beta coefficients for 
the single predictors. In addition, interactions between each of the predictors in 
the model and both age and age2 were investigated. Finally, to control for the pos-
sible impact of family relations, due to the inclusion of siblings, we performed sen-
sitivity analysis excluding the siblings (20 controls, 2 ADHD-only, 2 ADHD+ODD).
The analyses comprised three models to identify the risk factors for comorbid 
ODD in ADHD. First, two separate models were assessed to investigate risk 
factors for ADHD-only compared with controls (model 1) and risk factors for 
ADHD+ODD compared with controls (model 2). Subsequently, the model for the 
ADHD+ODD group versus the ADHD-only group (model 3) was assessed. Signifi-
cance of a risk factor was assumed if the LASSO model included that factor. Fi-
nally, for each of the three models, the sensitivity (percentage correctly identified 
cases) and specificity (percentage correctly identified non-cases) were calculated.
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RESULTS
As shown in Table 2.1, the diagnostic groups did not differ in number of ADHD to-
tal, hyperactive/impulsive or inattentive symptoms, measured using the combina-
tion of the K-SADS and Conners questionnaires. There were no group differences 
in IQ between any of the groups. As a result of our matching procedure, groups did 
not differ on age and gender, and the diagnostic groups did not differ on ADHD-
subtype. Table 2.2 shows the predictor characteristics for the three groups.
Results for all three models are shown in Table 2.3, with the total explained devi-
ance per model, and estimation of the explained deviance and beta coefficient per 
predictor. There were no significant interactions between any of the predictors and 
age, age2 or age3 (p > .105), indicating that the effects of the predictors on diagnos-
tic status were independent of the age of the participants. Percentage per predic-
tor is an estimation, hence the separate percentages do not add up to total model. 
Parental warmth and parental criticism scores were only available for diagnostic 
groups and, therefore, not included in models assessing predictors against con-
trols.
2
Table 2.2. Predictor characteristics per group
ADHD+ODD  ADHD-only TDC
M SD M SD M SD
Parental ADHD (%) 55.3 - 68.2 - 0 -
Adverse life events 2.8 2.7 1.8 1.7 0.6 0.8
Birth weight (gram) 3427.4 642.5 3588.4 510.9 3360.7 698.3
Pregnancy duration 
(weeks)
39.3 2.4 39.4 2.0 39.3 2.2
Maternal smoking 
during pregnancy (%)
21.6 - 27.9 - 19.0 -
SES (corrected years of 
education) a
11.0 1.7 11.7 2.1 12.9 2.6
Deviant peer affiliation 27.4 5.0 29.8 5.6 31.4 3.5
Parental warmth 1.7 0.9 1.4 0.8 - -
Parental criticism 1.9 0.9 1.7 0.9 - -
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ODD = Oppositional Defiant Disorder; SES 
= socioeconomic status; TDC = Typically Developing Controls. 
a As measured using the average level of maternal and paternal education (see Buis, 2008)
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Risk factors for ADHD: ADHD-only versus typically 
developing controls
Predictors that were initially inserted in the model were pregnancy duration, birth 
weight, maternal smoking during pregnancy, parental ADHD, adverse life events, 
SES, and deviant peer affiliation. Correlations between predictors were below r = 
.42. After LASSO selection, the model showed a total explained deviance of 55.2% 
(see Table 2.3) and showed that parental ADHD (27.2%), higher levels of adverse 
life events (6.0%), and maternal smoking during pregnancy (1.3%) were associ-
ated with a heightened risk for ADHD-only compared with controls. The model 
showed a sensitivity of 98% and specificity of 80%.
Table 2.3. Explained deviance and beta coefficients
TDC versus  
ADHD-only
TDC versus 
ADHD+ODD
ADHD-only versus 
ADHD+ODD
Explained    
deviance 
(%)
Beta    
coefficient
Explained    
deviance 
(%)
Beta    
coefficient
Explained    
deviance 
(%)
Beta    
coefficient
Total model 58.4 62.5 15.3
      Parental ADHD 27.2 3.91 21.9 3.34 2.4 -0.42
      Adverse life events 6.0 0.50 13.9 0.57 3.0 0.12
      Birth weight ns 0.00 2.0 0.00 ns 0.00
      Pregnancy duration ns 0.00 ns 0.00 ns 0.00
      Maternal smoking 
      during pregnancy
1.3 0.00 ns 0.00 ns 0.00
      Socioeconomic status ns 0.00 1.5 -0.16 5.6 -0.18
      Deviant peer affiliation ns 0.00 3.8 -0.15 4.8 -0.05
      Parental warmth - - - - ns 0.00
      Parental criticism - - - - 6.4 0.34
Note. Percentage per predictor is an estimation, hence the separate percentages do not add up to total 
model. Parental warmth and parental criticism scores were only available for the diagnostic groups, and 
therefore not included in models assessing predictors against controls. 
ADHD = Attention-Deficit/Hyperactivity Disorder; ns = not significant; ODD = Oppositional Defiant Disor-
der; TDC = Typically Developing Controls.
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Risk factors for ADHD+ODD: ADHD+ODD versus typically  
developing controls
Predictors initially inserted in the model were identical to those inserted in the 
model for ADHD-only versus controls. Correlations between predictors were 
below r = .42. After LASSO selection, the total explained deviance was 62.5% (see 
Table 2.3) and parental ADHD (21.9%), more adverse life events (13.9%), more 
deviant peer affiliations (3.8%), higher birth weight (2.0%), and lower SES (1.5%) 
were associated with a heightened risk for ADHD+ODD compared with controls. 
The model showed a sensitivity of 95% and specificity of 87%.
Risk factors for comorbid ODD: ADHD-only versus ADHD+ODD 
In addition to the predictors inserted in the previous models, this model also 
included parental warmth and parental criticism. Correlations between predictors 
were below r = .43. After LASSO selection, the model showed a total explained de-
viance of 15.3% (see Table 2.3) and higher levels of parental criticism (6.4%), lower 
SES (5.6%), deviant peer affiliation (4.8%), more adverse life events (3.0%), and 
parental ADHD (2.4%) were associated with a heightened risk for comorbid ODD 
in individuals with ADHD. The model showed a sensitivity of 90% and specificity 
of 57% for predicting the presence of comorbid ODD.
Family-corrected results
For analyses of risk factors for ADHD-only and for ADHD+ODD versus controls, 
22 siblings were excluded, whereas for the analysis of risk factors for comorbid 
ODD, 4 siblings were excluded. For the first two models, the total explained devi-
ance of the model was reduced somewhat (to 51.9 and 57.5%, respectively), while 
for the comorbid ODD model the explained deviance increased slightly (to 17.6%). 
All models included the same predictors with the same direction of associations.
DISCUSSION
The aim of the current study was to investigate risk factors for the development 
of comorbid ODD along with ADHD. Therefore, we assessed pre- and perinatal 
factors, transgenerational influences and postnatal factors. We hypothesised that 
pre- and perinatal adversities and negative transgenerational influences would act 
as risk factors for both ADHD and ADHD+ODD , and postnatal adversities to act 
primarily as risk factors for ADHD+ODD compared with ADHD-only (Aebi et al., 
2015; Boden et al., 2010; Deault, 2010; Latimer et al., 2012). Additionally, in differ-
entiating between ADHD-only and ADHD+ODD , we hypothesised that postnatal 
adversities and negative transgenerational influences would be more strongly 
related to ADHD+ODD than to ADHD-only (Richards et al., 2015). Our models 
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identified several risk factors for ADHD+ODD and for ADHD-only, compared with 
controls, with high levels of explained deviance of 55.2 and 62.5%, respectively. 
Our model for risk factors differentiating between ADHD+ODD and ADHD-
only showed an explained deviance of almost 15.3%. All three models showed 
good sensitivity (90–98%), and the models for the control group versus both the 
ADHD+ODD and the ADHD-only groups also showed good specificity (80–87%). 
We found no interaction between age and any of the risk factors, indicating that 
predictors are equally important during all stages of development in our sample, 
and independent of age of the participants (age 7–24 years).
Our first hypothesis that negative transgenerational influences and pre- and peri-
natal adversities would act as risk factors for the diagnostic groups was supported 
by our findings, since we found that parental ADHD acted as a relatively major risk 
factor within our models, showing the highest explained deviance for both diag-
nostic groups relative to the control group. This is in line with the many studies 
showing significant heritability rates for ADHD (Brikell, Kuja-Halkola, & Larsson, 
2015; Cortese, 2012), and large effects of environmental influences associated with 
parental ADHD on the development of ADHD in the child (Bornovalova, Hicks, 
Iacono, & McGue, 2010). In terms of pre- and perinatal adversities, maternal 
smoking during pregnancy acted as a relatively minor risk factor within our model 
for ADHD-only, while higher (not lower) birth weight acted as a relatively minor 
risk factor for ADHD+ODD , relative to controls. This supports the notion that 
there may be an optimum birth weight in terms of the development of behavioural 
problems such as ADHD, as previously suggested in other studies (Buschgens et 
al., 2009; El Marroun et al., 2012; van Mil et al., 2015). We were not able to replicate 
previously reported findings of lower birth weight or pregnancy duration as risk 
factors for ADHD (Thapar et al., 2013), which may be due to the small number 
of individuals with a low birth weight or premature birth in our sample (8 and 
12, respectively). To conclude, our findings show parental ADHD as a significant 
risk factor and suggest that the relationship between birth weight and pregnancy 
duration and the development of ADHD might only hold true for values below a 
certain threshold.
We also found support for our second hypothesis of postnatal adversities acting 
as risk factors for ADHD+ODD rather than for ADHD-only. For both ADHD-only 
and ADHD+ODD , adverse life events, which included parental divorce and family 
conflicts, acted as a risk factor. However, adverse life events acted as a stronger risk 
factor for ADHD+ODD than for ADHD-only, as stressed by its differentiating abil-
ity between the ADHD+ODD and ADHD-only groups. The mechanism by which 
adverse life events may affect ODD is still unclear, and may vary between types of 
event; potential explanations include (a) negative effects on maturation of cerebral 
brain structures in the child due to stress, (b) teaching individuals to use antisocial 
strategies to cope with stressful situations, and (c) causing an overactive sympa-
thetic nervous system (Borja & Ostrosky, 2013; Haller, Harold, Sandi, & Neumann, 
2014). All these factors have been implicated in the development of ODD and 
receive extensive support, suggesting a combination of these risk factors to operate 
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in ODD (Borja & Ostrosky, 2013; Haller et al., 2014). While no other risk factors 
were observed for the development of ADHD-only, more deviant peer affiliations 
and lower SES did act as additional risk factors for ADHD+ODD , compared with 
controls. This is consistent with previous studies showing that more deviant peer 
affiliations reinforce an individual’s own antisocial behaviours (Carlo et al., 2014; 
Heinze, Toro, & Urberg, 2004; Snyder et al., 2010). SES acted as a relatively minor 
risk factor within our model (1.5–5.6%), presumably exerting its effect through 
poor parenting and deviant socialisation processes that are associated with lower 
parental SES (Piotrowska, Stride, Croft, & Rowe, 2015). The relatively weak effect 
of SES may be due to its relationship to parental ADHD, which was also included 
in the model (e.g. lower parental mental health has been associated with lower 
SES) (Russell, Ford, Williams, & Russell, 2015). Since both deviant peer affiliations 
and SES differentiated between ADHD+ODD and ADHD-only, these risk factors 
seem especially important for the development of comorbid ODD.
Our third hypothesis, that transgenerational influences in addition to the postna-
tal factors would differentiate between ADHD+ODD and ADHD-only, was largely 
supported by our results. Parental criticism acted as a relatively strong risk factor 
for ADHD+ODD compared with ADHD-only, within our model. This is in line 
with previous studies and is presumably due to its negative influence on the child’s 
socialisation process (Bornovalova et al., 2010; Deault, 2010; Modesto-Lowe et al., 
2008). In addition, it has been reported that child difficulty not only increases the 
likelihood of maternal negative parenting, but also that maternal negative par-
enting heightens the child’s behavioural maladjustment that may take the form 
of ODD behaviours (Brock & Kochanska, 2015). This is in line with the coercion 
theory that describes a process of mutual reinforcement between the parent and 
child in the development of conduct problems. According to this model the parent 
inadvertently reinforces the child’s difficult behaviour by reacting negatively to 
that behaviour and therewith escalating the situation (Smith et al., 2014). Hence, 
negative parental attitudes are risk factors not only for ADHD (Deault, 2010), but 
especially for comorbid ODD. Furthermore, when parents express low levels of 
support, the negative influences of deviant peers on the development of oppo-
sitional behaviour increase (Espinoza, Gillen-O’Neel, Gonzales, & Fuligni, 2014; 
Tung & Lee, 2014). Against our hypothesis and contradicting previous studies, pa-
rental ADHD acted as a minor protective factor for the development of comorbid 
ODD in ADHD (Deault, 2010). A possible explanation may be that children with 
comorbid ODD are more difficult to handle, thereby increasing the likelihood of 
parents to seek professional help. However, this remains speculative and requires 
further investigation.
Even though our study has some important strengths, there are some limitations 
too. First, we assessed pregnancy duration, birth weight and maternal smok-
ing during pregnancy using a retrospective parent questionnaire. Especially for 
maternal smoking during pregnancy, the self-report nature of our assessment may 
have confounded our data, due to socially acceptable answering (Dietz et al., 2011). 
However, we did only investigate whether or not the mother smoked, excluding 
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dosage effects and thereby limiting the influence of socially acceptable answering 
(such as reporting lower dosages). Moreover, there was a relatively large amount of 
missing data for pre- and perinatal information. Second, even though we assessed 
parental ADHD and parental psychopathology, we did not specifically assess 
paternal antisocial personality disorder or maternal stress, which both have been 
found to be related to the development of antisocial behaviour disorders (Latimer 
et al., 2012). Further, we did not assess parenting styles, which would have allowed 
us to investigate further the alleged link between parental ADHD and deviant 
parenting styles. In addition, parental criticism and warmth were only assessed in 
the diagnostic group, limiting our findings to the diagnostic groups comparison, 
and thus to predictors for comorbid ODD versus ADHD-only. Third, even though 
we assessed robust prediction models, our findings are based on a combination of 
longitudinal (parental warmth and criticism), retrospective (birth weight, preg-
nancy duration, maternal smoking during pregnancy, adverse life events, parental 
ADHD, parental SES), and cross-sectional (deviant peer affiliations) data. Howev-
er, the retrospective predictors were independent of the measurement period, and 
only deviant peer affiliation data were assessed cross-sectional. For the latter vari-
able, our final model may have been different if it had been measured at baseline. 
However, although it has been suggested that the influence of deviant peer affilia-
tions would change over development, the level of deviant peer affiliations appears 
to be stable over development (Fergusson, Swain-Campbell, & Horwood, 2002). 
Fourth, especially for the control group, a relatively large proportion of siblings 
was included. Nevertheless, our findings did not change in terms of the predictors 
involved or the direction of associations when excluding these siblings, indicating 
that the findings are robust. Finally, since we applied strict inclusion criteria, such 
as excluding individuals with a comorbid conduct disorder diagnosis, our sample 
may represent a subsample of, rather than all, individuals with ADHD-only and 
ADHD+ODD. In addition, we focused on comorbid ADHD+ODD and were not 
able to include an ODD-only group. Therefore, the findings may not be generaliz-
able to all individuals with ADHD or individuals with only ODD.
Overall, our study showed that postnatal risk factors (adverse life events) and 
transgenerational influences (parental ADHD) are important risk factors for the 
development of ADHD+ODD and ADHD-only. The development of comorbid 
ODD in individuals with ADHD was predicted by both postnatal adversities 
(SES, deviant peer affiliation) and negative transgenerational influences (parental 
criticism). These risk factors were significant for all ages. Our findings are in line 
with theories stating that environmental factors play an important role in the 
development of comorbidities such as ODD in individuals with ADHD (Banerjee, 
Bhojani, & Emcy, 2011; Deault, 2010; Thapar et al., 2013). This highlights the need 
to take these risk factors into account when treating children with ADHD, since 
these factors may prove to be essential in the prevention of comorbid ODD. The 
development of comorbid ODD in ADHD is of concern given the lower functional 
outcome of this comorbid group relative to either disorder separately (Anderson 
& Kiehl, 2012; Loeber et al., 2000). For example, (comorbid) ODD is reported as 
an important predictor for later life conduct disorder (Burke, Rowe, & Boylan, 
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2014). Our findings seem to support the use of intervention programs comprising 
parent- and parent–child training in the prevention of comorbid ODD (Loeber et 
al., 2009), although we did not assess these trainings or their effects ourselves. In 
addition, monitoring peer affiliations of individuals with ADHD may prove useful 
in averting the transition from ADHD-only to the more severe ADHD+ODD (Bor-
novalova et al., 2010; Deault, 2010; Modesto-Lowe, Chaplin, Soovajian, & Meyer, 
2013).
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SUPPLEMENT 2.1
Information on the cohort and assessment of predictors
Adapted from “The NeuroIMAGE study: a prospective phenotypic, cognitive, 
genetic and MRI study in children with attention-deficit/hyperactivity disorder. 
Design and descriptives”, by D. Von Rhein et al., 2015. Copyright 2015, adapted with 
permission.
The cohort
Original IMAGE cohort (2003–2006). Participants for NeuroIMAGE were 
selected from the Dutch part of the International Multicenter ADHD Genetics 
(IMAGE) study, conducted between 2003 and 2006. In the Dutch part of IMAGE 
365, families with at least one child with combined subtype ADHD and at least one 
biological sibling (regardless of ADHD diagnosis) were recruited, in addition to 
148 control families with at least one child, with no formal or suspected ADHD di-
agnosis in any of the first degree family members. Inclusion criteria for the IMAGE 
study were: participants had to be between 5 and 30 years, of European Caucasian 
descent, have an IQ >70, and no diagnosis of autism, epilepsy, general learning dif-
ficulties, brain disorders, and known genetic disorders (such as Fragile X syndrome 
or Down syndrome). 
NeuroIMAGE (2009–2012). For NeuroIMAGE, all family members, including 
those who did not participate in IMAGE, were invited for follow-up measurement 
and (re)assessed between 2009 and 2012. The time between the IMAGE and Neu-
roIMAGE measurements ranged between 3.5 and 8.9 years (overall M = 5.9 years, 
SD = 0.74). Additionally, children with ADHD (foremost girls) and healthy control 
boys were newly recruited to balance the distribution of gender and age between 
the ADHD and healthy control groups in NeuroIMAGE. Inclusion criteria were 
largely consistent with the IMAGE study, except that we now allowed inclusion of 
children with any subtype ADHD rather than the combined subtype only.
Including the newly recruited families, the complete NeuroIMAGE cohort com-
prised testing of more than 1,000 children and approximately 850 tested parents. 
Retention rate from the original IMAGE study was high (79%). The most impor-
tant reasons for drop-out were being too busy, family problems, and time con-
sumption of the study.
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Measures 
Data investigated in the current study included both assessments from the IMAGE 
and the NeuroIMAGE study. During IMAGE-I, Expressed Emotions (EE) was as-
sessed during the diagnostic interview. EE provided scores of parental warmth and 
parental criticism. Furthermore, parents filled out a questionnaire on demograph-
ic characteristics, including pre- and perinatal information and socioeconomic 
status.
During NeuroIMAGE, questionnaires compromising several domains of function-
ing, including adverse life events and deviant peer affiliations were completed. 
The questionnaire on adverse life events was filled out by the parents of the 
participant. The questionnaire on deviant peer affiliations was filled out by the 
participant. For participants younger than 12 years, their parents or the researchers 
assisted in the completion of the self-report questionnaires. Additionally, assess-
ments for NeuroIMAGE included a semi-structured clinical interview (Dutch 
translation of the Schedule for Affective disorders Schizophrenia—present and 
lifetime version (K-SADS)). The K-SADS is designed to assess current and past 
episodes of psychopathology in children, adolescents, and adults according to 
DSM-IV criteria.
2

Chapter 3
 
Neurocognitive deficits in attention-deficit/ 
hyperactivity disorder with and without 
comorbid oppositional defiant disorder.
Published as:
Noordermeer, S. D. S., Luman, M., Buitelaar, J. K., Hartman, C. A., Hoekstra, P. J., 
Franke, B., Faraone, S. V., Heslenfeld, D.J., Oosterlaan, J. (2015). Neurocognitive 
Deficits in Attention-Deficit/Hyperactivity Disorder With and Without Comorbid 
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ABSTRACT
Background. Oppositional defiant disorder (ODD) is highly prevalent in atten-
tion-deficit/hyperactivity disorder (ADHD) and may account for inconsistencies 
in findings on neurocognitive functioning in ADHD. Our aim was to assess cool 
and hot executive functioning (EF) and temporal processing in ADHD with and 
without comorbid ODD to elucidate the effects of comorbid ODD.
Method. ADHD-only (n = 82), ADHD + ODD (n = 82), and controls (n = 82), 
with mean age 16 years (SD = 3.1), matched for age, gender, IQ, and ADHD type 
(clinical groups) were assessed on cool EF (inhibition, working memory), hot EF 
(reinforcement processing, emotion recognition), and temporal processing (time 
production and reproduction).
Results. Individuals with ADHD + ODD showed abnormalities in inhibition, 
working memory, facial emotion recognition, and temporal processing, whereas 
individuals with ADHD-only were solely impaired in working memory and time 
production.
Conclusion. Findings suggest that ODD carries a substantial part of the EF 
deficits observed in ADHD and contrast with current theories of neurocognitive 
impairments in ADHD.
Keywords: ADHD, ODD, Comorbidity, Emotion processing, Executive function-
ing, Temporal processing
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common 
childhood-onset psychiatric disorders and is associated with a range of deficits in 
neurocognitive functioning. Specifically, neurocognitive abnormalities in execu-
tive functioning (EF) and temporal processing have been intensively studied and 
have become central to leading theories on ADHD (Castellanos & Tannock, 2002; 
de Zeeuw, Weusten, van Dijk, van Belle, & Durston, 2012; Sonuga-Barke, Bitsakou, 
& Thompson, 2010). EF is the sum of neurocognitive processes that maintain an 
appropriate problem-solving set to attain a goal (Pennington & Ozonoff, 1996; 
Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). A well-known distinc-
tion in EF is that between cool and hot EF. Cool EF refers to goal-directed and 
problem-solving behaviours, as well as self-regulation, not involving affective or 
motivational aspects. Two functions central to cool EF are inhibition and work-
ing memory (Diamond, 2013). In contrast, hot EF is characterised by motivational 
and affective aspects of cognitive processing, such as reinforcement learning and 
emotional processing (V. A. Anderson, Jacobs, & Anderson, 2008; Blair & Lee, 
2013; Kerr & Zelazo, 2004; Zelazo & Carlson, 2012). The neurocognitive domain of 
temporal processing is the ability to order sequential events in time and to create 
rhythms by using information from time perception and (re)production (Castella-
nos & Tannock, 2002; Ivry, 1996). However, even though abnormalities in afore-
mentioned domains have been repeatedly reported in ADHD, findings remain 
inconsistent.
 
Individuals with ADHD show high levels of comorbid oppositional defiant dis-
order (ODD), with up to 60% of clinically referred children with ADHD quali-
fying for a diagnosis of comorbid ODD (Connor & Doerfler, 2008; Quay, 1965, 
1993). Compared with individuals with only ADHD or ODD, individuals with 
ADHD+ODD show an earlier age of symptom onset, exhibit more physical ag-
gression and delinquency, show more functional impairments, and have a con-
siderably worse future prognosis (N. E. Anderson & Kiehl, 2012; Biederman et al., 
2008; Loeber, Burke, Lahey, Winters, & Zera, 2000). These findings have raised the 
question whether ADHD with comorbid ODD can be seen as a combination of the 
symptoms of ADHD and ODD or should be considered a separate disorder, with 
familiality studies seemingly supporting the latter (Christiansen et al., 2008; Petty 
et al., 2009). However, studies with a specific focus on ADHD with comorbid ODD 
are scarce, making it difficult to verify this claim. In addition, the high comorbid-
ity between ADHD and ODD may have confounded previous studies into ADHD, 
given that ODD is also associated with abnormalities in neurocognitive function-
ing (Hobson, Scott, & Rubia, 2011; Sergeant, Geurts, & Oosterlaan, 2002). Sur-
prisingly, many of the previous neurocognitive studies in ADHD did not address 
ODD comorbidity. Therefore, it is unclear whether previous findings truly reflect 
neurocognitive dysfunction in ADHD or whether the reported abnormalities actu-
ally relate to comorbid ODD. 
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In terms of cool EF, a meta-analysis on inhibition deficits showed medium-to-
large sized impairments in ADHD and small-to-medium sized impairments for 
ADHD+ODD and ODD, implying abnormalities in inhibition being strongest in 
groups with only ADHD (Lipszyc & Schachar, 2010). However, this meta-analysis 
only investigated results from the Stop Signal Task and reported a publication bias 
for both ADHD with and without comorbid ODD. For working memory, recent 
meta-analyses showed large working memory deficits for children with ADHD 
that persist into adulthood (Alderson, Kasper, Hudec, & Patros, 2013; Kasper, Al-
derson, & Hudec, 2012). Studies in ADHD+ODD groups are scarce and report both 
absence and presence of working memory abnormalities (Burt, McGue, & Iacono, 
2009; Hicks, South, Dirago, Iacono, & McGue, 2009; Saarinen, Fontell, Vuontela, 
Carlson, & Aronen, 2014; Walden, McGue, Lacono, Burt, & Elkins, 2004). Only two 
studies investigated working memory in ODD and found the disorder to be associ-
ated with a working memory deficit (Rhodes, Park, Seth, & Coghill, 2012; Sergeant 
et al., 2002). Taken together, this leaves open the possibility that abnormalities in 
both domains of cool EF in ADHD+ODD are most strongly related to ADHD, and 
that (comorbid) ODD may be not or only weakly associated with these abnormali-
ties. 
In terms of the reinforcement processing domain of hot EF, a preference for small-
er immediate rewards over larger delayed rewards is generally reported in individu-
als with ADHD, although a substantial amount of these studies did not account for 
the possible effects of comorbid ODD (for a review see Luman, Tripp, & Scheres, 
2010). For ADHD+ODD, only one study investigated reinforcement processing 
and reported an association with larger performance improvements in the face of 
rewards compared with ADHD-only and controls, implying that a heightened sen-
sitivity to reward might be carried by ODD rather than by ADHD (Luman et al., 
2009). This preference for smaller immediate rewards over larger delayed rewards 
was also found for ODD, in addition to a decreased sensitivity to penalty compared 
with controls (Humphreys & Lee, 2011; Loeber, Slot, Van der Laan, & Hoeve, 2008; 
Matthys, Vanderschuren, & Schutter, 2013). Concluding, it may be that comorbid 
ODD negatively influences reinforcement processing in ADHD, but the scarcity of 
studies with a focus on ADHD+ODD calls for more research in this group.
In terms of the emotion recognition domain of hot EF, ADHD has been associated 
with abnormalities (Da Fonseca, Seguier, Santos, Poinso, & Deruelle, 2009; Pelc, 
Kornreich, Foisy, & Dan, 2006; Sinzig, Morsch, & Lehmkuhl, 2008; Sjowall, Roth, 
Lindqvist, & Thorell, 2013; Yuill & Lyon, 2007). However, only two studies assessed 
emotion recognition in ADHD-only groups. One of these two studies showed ab-
normalities in emotion recognition due to the inability to correctly focus attention 
(Cadesky, Mota, & Schachar, 2000), while the other did not show any abnormali-
ties (Schwenck et al., 2013). Only one study investigated an ADHD+ODD sample 
and showed abnormalities in emotion recognition compared with controls (Downs 
& Smith, 2004). In contrast, for individuals with ODD abnormalities in emotion 
recognition have been repeatedly studied and reported (Loeber et al., 2008; Mat-
thys, Vanderschuren, Schutter, & Lochman, 2012). In summary, it seems plausible 
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that previously reported abnormalities in emotion recognition in ADHD may be 
accounted for by (comorbid) ODD rather than by ADHD, but more studies in 
ADHD-only and ADHD+ODD are needed. 
In the domain of temporal processing, including time estimation and time (re)
production, several studies have reported abnormalities for ADHD (for a review 
see Noreika, Falter, & Rubia, 2013). However, so far only one study investigated 
temporal processing abnormalities for ADHD+ODD and showed that these were 
more pronounced in ADHD+ODD compared with ADHD-only (Luman et al., 
2009). This is in line with other studies that report an association between aggres-
sion and a bias to perceive time to elapse more quickly (Dougherty et al., 2007). 
To conclude, it is unclear whether the findings of temporal processing deficits in 
ADHD are confounded by the presence of comorbid ODD and the one study on 
comorbid ODD suggests that ADHD+ODD is associated with at least similar, and 
likely more severe, abnormalities in temporal processing compared with ADHD-
only, conceivably due to both disorders carrying temporal processing deficits. 
The aim of the current study was to elucidate the effects of comorbid ODD on 
neurocognitive functioning in ADHD and investigate whether the heterogeneity 
in previous ADHD studies may be due to comorbid ODD. To this end, individu-
als with ADHD without ODD (ADHD-only), individuals with ADHD plus ODD 
(ADHD+ODD), and typically developing controls were compared on cool EF, hot 
EF and temporal processing. Improving on previous work, groups were matched 
on age, gender, IQ, and ADHD-type (clinical groups only) to control for the 
uncalled effects of these variables, since (1) neurocognitive performance develops 
with age (Best & Miller, 2010; Uekermann et al., 2010): (2) lower IQ scores, as seen 
in ADHD and ODD, are related to worse neurocognitive performance (Loeber 
et al., 2008): (3) gender is associated with differences in ODD comorbidity rates 
in ADHD (heightened levels in males) (Skogli, Teicher, Andersen, Hovik, & Oie, 
2013), as well as in EF performance (females show better working memory and 
emotion recognition) (V. A. Anderson, Anderson, Northam, Jacobs, & Catroppa, 
2001; Skogli et al., 2013): and (4) different ADHD-types (predominantly inatten-
tive, predominantly hyperactive /impulsive, and combined) express specific ab-
normalities in neurocognitive functioning (Adams, Derefinko, Milich, & Fillmore, 
2008; Shuai, Chan, & Wang, 2011). We hypothesised that (1) abnormalities in cool 
EF would be more strongly associated with ADHD than with comorbid ODD, and 
therefore equally pronounced in both ADHD-only and ADHD+ODD (Lipszyc & 
Schachar, 2010; Luman et al., 2009), (2) abnormalities in hot EF would be more 
strongly associated with comorbid ODD than with ADHD, and therefore more 
pronounced in ADHD+ODD than in ADHD-only (Matthys et al., 2012), and (3) 
abnormalities in temporal processing would be associated with both ADHD and 
comorbid ODD and therefore more pronounced in ADHD+ODD than in ADHD-
only (Luman et al., 2009; Noreika et al., 2013). 
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Methods
Participants
A total of 246 participants took part in this study, including: (1) participants with 
ADHD+ODD (n = 82), (2) participants with ADHD-only (n = 82), and (3) typically 
developing controls (n = 82). Groups were one-to-one matched on age, gender, 
IQ and ADHD-type (clinical groups only). Mean age was 16 years (SD 3.1 years). 
Further group characteristics are shown in Table 3.1.
Participants were selected from the NeuroIMAGE cohort (Von Rhein et al., 2015). 
Inclusion criteria for the current study that applied to all participants were: Eu-
ropean Caucasian descent, IQ ≥ 80 (as estimated with the Vocabulary and Block 
Design subtests of the Wechsler Intelligence Scale for Children-III [WISC-III] or 
3
Table 3.1. Group characteristics
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 82) (n = 82) (n = 82)
M SD M SD M SD  
Age (years) 16.3 3.1 16.3 3.0 16.1 3.3 ns
IQ 97.5 11.2 96.9 11.0 98.3 7.3 ns
Gender 
(% Male)
67 - 67 - 67 - ns
SES (average of 
both parents)a
11.3 2.1 11.3 2.2 12.8 2.5 TDC > ADHD, ADHD+ODD **
ADHD-type 
(I/HI/C)
29/4/49 - 29/4/49 - - - ns
ADHD total 
symptomsb
18.9 5.9 18.2 6.3 0.7 1.0 ADHD, ADHD+ODD > TDC **
Hyperactive 
symptomsb
8.5 4.0 8.0 4.0 0.3 0.6 ADHD, ADHD+ODD > TDC **
Inattentive 
symptomsb
10.4 3.1 10.2 3.5 0.4 0.8 ADHD, ADHD+ODD > TDC **
ODD symptomsc 5.2 1.1 0.4 0.9 0.0 0.0 ADHD+ODD > ADHD > TDC **
CD symptomsd 5.9 1.0 6.2 1.2 8.9 0.3 TDC > ADHD > ADHD+ODD ***
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; C = Combined type; HI = predominantly Hyper-
active-Impulsive type; I = predominantly Inattentive type; ns = not significant; ODD = Oppositional Defiant 
Disorder; SES = socioeconomic status; TDC = Typically Developing Controls.
a As measured using the average level of maternal and paternal education (see Buis, 2008)
b As measured using the combination of K-SADS-PL and Conners’ scales Total, Inattentive, Hyperactive/
Impulsive
c As measured using the combination of K-SADS-PL and Conners’ scale Oppositional
d As measured using the K-SADS-PL 
** p < .01, *** p < .001 
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Wechsler Adult Intelligence Scale-III [WAIS-III], depending on the participant’s 
age), no diagnosis of autism, Asperger’s, anxiety disorder, depression, epilepsy, 
general learning difficulties, brain disorders or known genetic disorders (such 
as Fragile X syndrome or Down syndrome). Furthermore, typically developing 
controls were not allowed to have a past or current diagnosis of ADHD, ODD, or 
any other psychiatric disorder. Individuals in the ADHD+ODD group were only 
allowed to have an ADHD diagnosis and comorbid ODD, while individuals in 
the ADHD-only group were only allowed to have an ADHD diagnosis. A total of 
1069 participants contributed data to NeuroIMAGE: 751 participants from ADHD 
families and 318 participants from control families (Von Rhein et al., 2015). ADHD 
families consisted of participants in the ADHD-only or ADHD+ODD group and 
their biological brothers or sisters, control families consisted of participants in the 
control group and their biological brothers or sisters. Of all these participants, 82 
participants were diagnosed with both ADHD and ODD and met inclusion crite-
ria. These participants were one to one matched to typically developing controls 
and to participants with ADHD-only on gender, age (≤1 year), full-scale estimated 
IQ (≤10 points), and ADHD-type (for clinical groups), resulting in a total of 246 
participants in the study. 
Diagnostic Assessment
Diagnostic assessment of all participants included comprehensive assessment of 
ADHD and ODD symptoms (Von Rhein et al., 2015).. To determine ADHD and 
ODD diagnoses, participants were assessed using the Dutch translation of the 
Schedule for Affective Disorders and Schizophrenia for School-Age Children - Pre-
sent and Lifetime Version (K-SADS-PL) (Kaufman et al., 1997). In addition, each 
child was assessed with a teacher-rating (Conners’ Teacher Rating Scale - Revised: 
Long version (CTRS-R:L); C.K. Conners, Sitarenios, Parker, & Epstein, 1998; ap-
plied for children < 18 years) or a self-report questionnaire (Conners’ Adult ADHD 
Rating Scales - Self-Report:Long Version (CAARS-S:L); C. K. Conners, Erhardt, 
& Sparrowd, 1999; applied for children ≥ 18 years). The CTRS-R:L assesses both 
ADHD and ODD symptoms, while the CAARS-S:L assesses only ADHD symptoms. 
For participants using medication, ratings were done of children’s functioning off 
medication.
 
For ADHD, a diagnostic algorithm was applied to combine symptom counts on the 
K-SADS and CTRS-R:L (for participants < 18 years) or CAARS-S:L (for participants 
≥ 18), both providing operational definitions of ADHD defined by the DSM-IV 
(American Psychiatric Association, 2000). Participants with ADHD were required 
to obtain a combined symptom count of ≥ 6 symptoms of hyperactive/impulsive 
behaviour and/or inattentive behaviour, provided they: a) met the DSM-IV criteria 
for pervasiveness and impact of the disorder (K-SADS), b) showed an age of onset 
before 12 (K-SADS), and c) received a T ≥ 63 on at least one of the DSM ADHD 
scales (Total, Inattentive behaviour, Hyperactive/Impulsive behaviour) on either 
one of the Conners questionnaires. Likewise, for ODD, a diagnostic algorithm was 
applied to combine symptom counts on the K-SADS and CTRS-R:L (for partici-
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pants < 18 years), both providing operational definitions of ODD defined by the 
DSM-IV (American Psychiatric Association, 2000). Participants with ODD were 
required to obtain a combined symptom count of ≥ 4 symptoms of oppositional 
behaviour, provided they: a) met the DSM-IV criteria for pervasiveness and impact 
of the disorder (K-SADS), and b) received a T ≥ 63 on the DSM Oppositional be-
haviour scale of the CTRS-R:L.
Neurocognitive Tests
Table 3.2 provides a description of the neurocognitive tests and accompanying 
dependent variables. 
 
Cool EF: Inhibition and working memory. The Stop task was used to assess in-
hibition. The dependent measure was Stop Signal Reaction Time (SSRT), measur-
ing the latency of the inhibitory process (Logan, 1994). To assess working memory 
Digit Span Backwards of the WISC-III or WAIS-III (participants ≥ 17 years) was 
used. The maximum sequence length was used as dependent measure, providing a 
measure of verbal working memory. 
 
Hot EF: Reinforcement processing. The Temporal Discounting task was used to 
assess temporal discounting of rewards (Scheres et al., 2006). The subjective value 
of the delayed rewards was calculated for each individual and used as dependent 
measure. The Motor Timing task (see complete description below) was assessed 
to measure the effects of reward and penalty on performance. Median reaction 
time (RT) and consecutive variability of reaction times (for calculation see Luman, 
Oosterlaan, & Sergeant, 2008) were compared between a feedback-only condition 
and two reinforcement types: reward and penalty.
 
Emotion recognition: Facial and vocal emotion recognition. The Identifica-
tion of Facial Emotions (IFE) task was used to assess recognition of facial affect, 
the Prosody (PR) task was used to assess recognition of vocal intonation. For both 
tasks, dependent measures were percentage of correct responses and mean RT for 
each of the emotions (IFE: happy, angry, afraid; PR: happy, sad, angry, afraid). 
 
Temporal processing: Time production and time reproduction. The Motor 
Timing task was used to assess the accuracy and consecutive variability of time 
production (Van Meel, Oosterlaan, Heslenfeld, & Sergeant, 2005). Median RT and 
consecutive variability of response times were used as dependent measures (Lu-
man et al., 2008). Median RT provides a direct measure of internal clock function-
ing that is less vulnerable to extreme data points than the mean RT, and consecu-
tive variability of responses reflects a measure of the variability of motor output. 
The Timetest was used to assess the time reproduction aspect of temporal process-
ing (Barkley, 1998). The precision of the reproduction, calculated as the aggregated 
absolute discrepancy between the response length and the stimulus length across 
all interval lengths, was used as dependent measure.
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Procedure
The current study was part of a comprehensive assessment protocol encompassing 
phenotypic, neurocognitive, and magnetic resonance imaging (MRI) assessments 
(Von Rhein et al., 2015). To avoid unwanted effects of medication on the neuro-
cognitive tests, the individuals on medication (70 in the ADHD-only group, 63 
in the ADHD+ODD group), were assessed after a washout period. Use of psycho-
stimulants was discontinued for at least 48 hours before measurement to allow 
washout. In line with standard procedures, other medication to suppress ADHD 
symptoms (such as atomoxetine) was tapered off gradually to achieve washout. All 
neurocognitive tests were planned on one day. Standardised task instructions were 
used. Informed consent was signed by all participants and their parents in case 
of participants below 18 (for participants under the age of 12 only parents signed 
informed consent), and the study was approved by the local ethics committees. 
Statistical Analyses
Dependent variables were screened for outliers, which were transformed in ac-
cordance with Tabachnick and Fidell to a value one unit smaller than the most 
extreme non-outlier (Tabachnick & Fidell, 2001). Groups were compared on 
group characteristics using analysis of variance or chi-square tests. All analyses 
that tested differences in neurocognitive functioning between participants with 
ADHD+ODD or ADHD-only and typically developing controls were performed us-
ing SPSS Mixed Models (IBM SPSS Statistics version 21.0). Mixed model analyses 
were performed with a random intercept, with an exchangeable structure for fam-
ily, to account for the hierarchical structure due to family-relations (siblings) in 
the data. Group differences were examined as a fixed effect. To correct for multiple 
testing, the alpha level of the main group comparisons was adjusted according to 
Bonferroni per outcome domain (cool EF, hot EF, temporal processing). When a 
significant main effect of group was found, post-hoc pairwise group comparisons 
were used to locate the nature of the group effect. We report Bonferroni adjusted 
results. For the Motor Timing task, an additional fixed within-subject effect of 
reinforcement type (neutral, reward, penalty) was tested as well as the interaction 
between group and reinforcement type. For this reinforcement type effect, two 
separate contrasts were tested comparing (1) reward to feedback-only trials and 
(2) penalty to feedback-only trials. Effect sizes are reported in terms of Cohen’s 
f 2, which indexes the independent effect sizes of variables of interest within a 
multivariate model that includes other variables (Selya, Rose, Dierker, Hedeker, & 
Mermelstein, 2012). 
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For the Stop task, data were available for 54% of the 246 participants due to the 
task being assessed in a subsample participating in an MRI scanning-session. For 
other tasks, there were some missing data (7% Motor Timing, Temporal Discount-
ing; 8% Timetest; 12% IFE; 15% PR) due to technical issues (e.g. software licensing, 
voice recognition problems). Missing data were randomly distributed over the 
three groups. Furthermore, excluding the participants with missing data did not 
affect the group comparisons (Table 3.1).
RESULTS
Table 3.3 shows an overview of the results of the group comparisons on all neu-
rocognitive tests. As shown in Table 3.1, the two clinical groups did not differ in 
terms of number of ADHD total, hyperactive, or inattentive symptoms, or in socio-
economic status (SES). However, both clinical groups showed lower SES compared 
with typically developing controls. Furthermore, all differences as reported below 
were replicated when covarying for SES (data not shown).
Cool EF 
Inhibition: Stop task. Groups differed on SSRT, F(2, 128) = 4.39, p = .014, f 2 = .08, 
with post hoc group comparisons showing larger SSRTs, indicating poorer inhibi-
tory control, in the ADHD+ODD group compared with controls (p = .013). There 
were no differences between the ADHD+ODD group and the ADHD-only group (p 
= .140), nor between the ADHD-only group and controls (p = 1.000).
Verbal working memory: Digit Span Backwards. Groups differed on maximum 
sequence length, F(2, 202) = 5.50, p = .005, f 2 = .05. Post hoc group comparisons 
showed that both the ADHD-only (p = .006) and ADHD+ODD (p = .034) group 
showed shorter maximum sequence length than controls, indicating poorer verbal 
working memory abilities, with no differences between the two clinical groups (p 
= 1.000).
Hot EF 
Motor Timing - reward/penalty. Participants responded less accurate (and thus 
more impulsive) in terms of median RT in reward trials than in feedback-only 
trials, F(1, 251) = 11.05, p = .001, but the effects of reward did not differ between 
groups, as shown by the absence of an interaction between group and the reward 
contrast, F(2, 251) = 0.24, p = .787. For the penalty trials contrast there was no 
difference in median RT, F(1, 252) = 0.12, p = .726, nor was there an interaction 
between group and the penalty contrast, F(2, 252) = 0.09, p = .917. For the consecu-
tive variability of response times, individuals showed lower consecutive variability, 
thus responded less variable, during reward, F(1, 250) = 14.89, p < .001, and penalty 
trials, F(1, 251) = 21.70, p < .001, compared with feedback-only trials. The effects of 
3
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reinforcement did not differ between groups, as shown by the absence of an inter-
action between group and both the reward contrast, F(2, 250) = 0.35, p = .707, and 
the penalty contrast, F(2, 251) = 0.33, p = .718. 
 
Temporal discounting. Groups did not differ in the subjective value of delayed 
reward, F(2, 220) = 2.82, p = .062.
Emotion Recognition 
Identification of Facial Emotions. Groups did not differ in the percentage of 
correct responses during happy (F(2, 217) = 1.02, p = .361), angry (F(2, 217) = 1.66, 
p = .193), or afraid trials (F(2, 210) = 1.51, p = .222). However, mean RT for angry 
trials did differ between groups, F(2, 199) = 6.29, p = .002, f 2 = .07. Post hoc group 
comparisons revealed that only the ADHD+ODD group showed slower mean RTs 
for correct responses compared with controls (p = .002), indicating difficulties in 
correctly identifying angry facial emotions. The ADHD-only group did not differ 
from controls (p = .196) or from the ADHD+ODD group (p = .199). For fearful trials 
there appeared to be a group difference in mean RT, F(2, 191) = 4.08, p .018, but this 
effect did not survive Bonferroni correction for multiple testing. For happy trials 
no group differences in mean RT were present, F(2, 165) = 1.30, p = .275. 
Prosody. Similar to the facial emotion recognition task, groups did not differ in 
percentage of correct responses for happy (F(2, 204) = 0.44, p = .644)), sad (F(2, 
206) = 1.60, p = .204), angry (F(2, 209) = 0.74, p = .477), or fearful trials (F(2, 196) 
= 1.49, p = .227). Groups did appear to differ on mean RT during happy (F(2, 192) = 
3.29, p = .039) and sad (F(2, 184) = 3.60, p = .029) vocal emotion recognition, but 
these effects did not survive Bonferroni correction for multiple testing. No group 
differences were observed for the mean RT during angry (F(2, 185) = 1.19, p = .306) 
or fearful (F(2, 185) = 1.76, p = .174) trials.
 
Temporal Processing  
Time Production: Motor Timing task. Groups did not differ on the median RT, 
F(2, 229) = 0.61, p = .546, suggesting no abnormalities in the quality of time pro-
ductions in the ADHD and ADHD+ODD groups. Groups did differ on consecutive 
variability of response times, F(2, 191) = 5.33, p = .006, f 2 = .05, indicating abnor-
malities in consistency of time productions. Post hoc group comparisons revealed 
again that only individuals with ADHD+ODD differed from controls (p = .006), 
showing larger consecutive variability in producing the 1-second interval. Indi-
viduals with ADHD-only did not differ from controls (p = .058) or from individuals 
with ADHD+ODD (p = 1.000).  
Time Reproduction: Time test. Groups differed in absolute discrepancy be-
tween presentation and response interval, F(2, 212) = 8.23, p < .001, 
f 2 = .08. Both the ADHD-only (p = .001) and ADHD+ODD (p = .001) group showed 
3
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larger absolute discrepancy than controls, indicating poorer time reproduction. 
The two clinical groups did not differ from each other (p = 1.000). 
DISCUSSION
The current study investigated the effects of comorbid ODD on individuals with 
ADHD on key domains of neurocognitive functioning: cool EF, hot EF and tem-
poral processing (de Zeeuw et al., 2012; Sonuga-Barke et al., 2010; Willcutt et al., 
2005). Groups were closely matched on age, gender, IQ and for the clinical groups, 
ADHD-type. Our results showed that, compared with typically developing con-
trols, the ADHD+ODD group exhibited more impairments in all domains than 
the ADHD-only group. Our findings are not in line with a number of theories of 
neurocognitive impairments in ADHD, since we found no evidence for the well 
documented abnormalities in inhibitory control and reinforcement processing 
in our ADHD-only group (Castellanos & Tannock, 2002; de Zeeuw et al., 2012; 
Sonuga-Barke et al., 2010). This suggests that previously reported abnormalities 
and heterogeneity of findings in ADHD may partially be explained by the presence 
of comorbid ODD, rather than by heterogeneity of ADHD itself. Furthermore, our 
findings emphasise the importance of accounting for comorbid ODD, since indi-
viduals with ADHD-only showed fewer abnormalities in neurocognitive function-
ing than those with ADHD+ODD.
Our first hypothesis that ADHD would be associated with cool EF abnormali-
ties and that ADHD would carry the abnormalities in the cool EF domain in 
ADHD+ODD was not confirmed by our results. Instead, we found that the 
ADHD+ODD group showed abnormalities in both inhibition and working 
memory, while the ADHD-only group only showed abnormalities in working 
memory. Thus, individuals with ADHD+ODD showed more impairments on cool 
EF compared with controls than subjects with ADHD-only. This suggests that the 
inhibitory abnormalities in the ADHD+ODD group may be caused by the pres-
ence of comorbid ODD rather than ADHD. This idea is supported by a recent 
study showing larger inhibitory abnormalities in an ADHD+ODD group than in 
an ADHD-only group (Pauli-Pott, Dalir, Mingebach, Roller, & Becker, 2014). Since 
comorbid ODD is reported to be prevalent in up to 60% of the individuals with 
ADHD (Connor & Doerfler, 2008), this may partially explain the heterogeneity in 
previous findings of inhibitory abnormalities in ADHD (Lipszyc & Schachar, 2010). 
Our second hypothesis that hot EF impairments would be related to comorbid 
ODD and would therefore be more pronounced in ADHD+ODD was partially 
confirmed. Although none of the clinical groups showed abnormalities in the re-
inforcement processing domain of hot EF, individuals with ADHD+ODD did show 
abnormalities in the emotion recognition domain. The absence of group differenc-
es between both clinical groups and controls in reinforcement processing was not 
in line with our hypothesis, since previous studies did show impairments in this 
3
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domain (Humphreys & Lee, 2011; Loeber et al., 2008; Luman et al., 2010; Matthys et 
al., 2013). The absence of group differences on both the motor timing and temporal 
discounting task might be due to the relatively low amount of money that we used 
to manipulate reinforcement type. A recent review showed that improved task per-
formance in ADHD was especially evident with high intensities of reinforcement 
(Modesto-Lowe, Chaplin, Soovajian, & Meyer, 2013). Compared with the amounts 
of money used in the studies reported in the review of Modesto-Lowe et al. (2013), 
the amounts of money used in our motor timing task were fairly low (1-5 euro-
cent). In our temporal discounting task, both the difference between immediate 
(1 eurocent) and delayed (2-5 eurocent) rewards as well as the maximum possible 
total gain were smaller compared with previous studies (Scheres et al., 2006). An 
explanation in terms of the intensity of reinforcement for the absence of group 
differences on our measures of reinforcement processing is further supported by a 
recent study into the effects of maximum total gain and reward magnitude in indi-
viduals with ADHD. That study showed no abnormalities in temporal discounting 
with relatively small reward magnitudes compared with relatively large reward 
magnitudes (Scheres, Tontsch, Thoeny, & Kaczkurkin, 2010).
The abnormalities in angry facial emotion recognition for the ADHD+ODD group 
were not reflected in lower levels of accuracy, but in slower reaction times. This 
fits with previous studies reporting similar problems in individuals with ODD 
(Collin, Bindra, Raju, Gillberg, & Minnis, 2013; Loeber et al., 2008). The absence 
of emotion recognition abnormalities in the ADHD-only group was expected and 
is in line with the study by Schwenck (2013) that showed no abnormalities in an 
ADHD-only group. The lack of abnormalities for the ADHD+ODD group on vocal 
emotion recognition was not expected, but may have been the result of our use of 
adult voices and not child voices. A study in children with ADHD compared vocal 
emotion recognition using child and adult voices and showed only abnormalities 
using child voices (Cadesky et al., 2000). Taken together, our findings support our 
hypothesis that comorbid ODD, and not ADHD, is associated with abnormalities 
in emotion recognition.
Our third hypothesis, that individuals with ADHD+ODD would show more ab-
normalities in the temporal processing domain than individuals with ADHD-only 
compared with controls (Luman et al., 2009; Noreika et al., 2013), was confirmed 
by our results. We found that the ADHD+ODD group showed abnormalities in 
both time production and reproduction compared with controls. In contrast, the 
ADHD-only group only showed abnormalities in time reproduction compared 
with controls. Hence, individuals with both disorders appear to show a double 
burden of temporal processing abnormalities. 
 
In contrast to our hypotheses that the ADHD-only group would show abnormali-
ties on inhibition and reinforcement processing, we found no differences between 
this group and the control group on these domains. This may have been due to a 
normalisation in these EF domains in individuals with ADHD as they grow older, 
as stated in the maturational delay theory stating (Rubia, 2007; Shaw et al., 2011; 
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Sripada, Kessler, & Angstadt, 2014). Individuals in our sample were on average 16 
years old, whereas most previous studies into ADHD have used samples of chil-
dren in the age range between 8 and 12 years and to a far lesser extend adolescents. 
Indeed, a previous study of our group on inhibition in a sample partially overlap-
ping with the current study seems to confirm a maturational delay for ADHD, 
since that study did report inhibitory abnormalities (Rommelse et al., 2008). 
Furthermore, reinforcement sensitivity has been found to develop with age, with 
younger adults showing lower reinforcement sensitivity than children (Nigg & 
Breslau, 2007). For delay aversion in ADHD, a recent comprehensive meta-analysis 
showed a transition period around puberty, when deficits that are present in 
younger individuals with ADHD seem to disappear (Pauli-Pott & Becker, 2015).
Compared with controls, the comorbid group showed a greater diversity of neu-
rocognitive impairments than the ADHD-only group. We found that individu-
als with ADHD+ODD showed impairments in all cool EF tasks and temporal 
processing, as well as in the emotion recognition domain of hot EF. However, we 
found no evidence for impairments in reinforcement. In contrast, individuals 
with ADHD-only only showed abnormalities on half of the cool EF tasks and no 
abnormalities in any of the hot EF domains. The specificity of an impairment in 
emotion recognition for ADHD+ODD implies that neurocognitive testing may 
be of value in distinguishing between ADHD-only and ADHD+ODD. However, 
studies documenting the diagnostic accuracy of such testing would be needed. 
Interestingly, the differences in neurocognitive functioning paralleled differences 
observed in terms of global functioning. Even though both groups showed similar 
ADHD symptom levels, individuals with ADHD+ODD showed worse scores in 
terms of global functioning than individuals with ADHD-only (Table 3.1). Possibly, 
worse neurocognitive functioning in individuals with ADHD+ODD may translate 
into cognitive and social difficulties in settings such as home and school, which 
may explain their worse outcomes in terms of global functioning. However, we did 
not find any strong correlations between neurocognitive and global functioning, 
so this should be further investigated.
A strength of the current study is the large, well-defined sample, matched on 
important possibly confounding characteristics. Furthermore, we assessed an 
extensive battery of neurocognitive tests. A possible limitation is that groups dif-
fered on SES which has been found associated with difficulties in EF (Pettersson 
et al., 2015). However, there was only a difference in SES between both clinical 
groups and controls. Therefore, differences in neurocognitive functioning be-
tween both clinical groups and controls cannot be attributed to differences in SES. 
Moreover analyses covarying for SES replicated all group differences. To further 
clarify differences and specificity of neurocognitive abnormalities in ADHD-only 
and ADHD+ODD, future studies should include an ODD-only group. This would 
clarify whether ADHD+ODD is indeed, as our findings suggest, the accumula-
tion of abnormalities in neurocognitive functioning associated with both ADHD 
and ODD, or that ADHD+ODD should be considered as a separate disorder as has 
been reported by family study data (Petty et al., 2009). 
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In summary, our results support the idea that ADHD with comorbid ODD is a 
more severe type of ADHD in terms of neurocognitive functioning (cool EF, hot 
EF, emotion recognition and temporal processing). For cool EF and temporal 
processing, individuals with ADHD+ODD showed abnormalities on all tests, while 
individuals with ADHD-only only showed abnormalities on half of these tests, 
compared with controls. Abnormalities in facial emotion recognition were spe-
cific for comorbid ODD. Our findings clearly indicate that future studies should 
carefully account for comorbid ODD. Moreover, our findings challenge findings 
from previous studies that did not account for comorbid ODD and, by extension, 
weaken the support for current theories on neurocognitive impairments in ADHD 
(Castellanos & Tannock, 2002; de Zeeuw et al., 2012; Sonuga-Barke et al., 2010).
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Part II
 
Brain characteristics
 

Chapter 4
A systematic review and meta-analysis of 
neuroimaging in oppositional defiant disorder (ODD)
and conduct disorder (CD), taking attention-deficit/
hyperactivity disorder (ADHD) into account.
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ABSTRACT
Background. Oppositional defiant disorder (ODD) and conduct disorder (CD) 
are common behavioural disorders in childhood and adolescence and are associat-
ed with brain abnormalities. This systematic review and meta-analysis investigates 
structural (sMRI) and functional MRI (fMRI) findings in individuals with ODD/
CD with and without attention-deficit hyperactivity disorder (ADHD).
Method. Online databases were searched for controlled studies , resulting in 12 
sMRI and 17 fMRI studies. In line with current models on ODD/CD, studies were 
classified in hot and cool executive functioning (EF).
Results.Both the meta-analytic and narrative reviews showed evidence of smaller 
brain structures and reduced brain activity in individuals with ODD/CD in mainly 
hot EF-related areas: bilateral amygdala, bilateral insula, right striatum, left 
medial/superior frontal gyrus, and left precuneus. Evidence was present in both 
structural and functional studies, and irrespective of the presence of ADHD co-
morbidity. There is strong evidence that abnormalities in the amygdala are specific 
for ODD/CD as compared with ADHD, and correlational studies further support 
the association between abnormalities in the amygdala and ODD/CD symptoms. 
Besides the left precuneus, there was no evidence for abnormalities in typical cool 
EF related structures, such as the cerebellum and dorsolateral prefrontal cortex.
Conclusion. Resulting areas are associated with emotion-processing, error-moni-
toring, problem-solving and self-control; areas associated with neurocognitive and 
behavioural deficits implicated in ODD/CD. Our findings confirm the involvement 
of hot, and to a smaller extent cool, EF associated brain areas in ODD/CD, and 
support an integrated model for ODD/CD (e.g. Blair, 2005).
Keywords: ODD, CD, ADHD, Structural MRI, Functional MRI, ALE Meta-analysis
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INTRODUCTION
In recent years, magnetic resonance imaging (MRI) studies have provided insight 
into the underlying brain mechanisms of disruptive behaviour disorders, including 
oppositional defiant disorder (ODD) and conduct disorder (CD). This review will 
integrate and discuss studies using structural (sMRI) and functional MRI (fMRI) 
in these disorders. ODD and CD are developmental disorders that are among the 
most commonly diagnosed mental health conditions in childhood (Hamilton & 
Armando, 2008; Loeber, Burke, & Pardini, 2009). Community samples show a 
prevalence rate for ODD ranging between 2 - 14% and for CD ranging between 2 - 
16% (Boylan, Vaillancourt, Boyle, & Szatmari, 2007; Loeber, Burke, Lahey, Win-
ters, & Zera, 2000). Both disorders are more prevalent in boys than in girls with 
ratio’s ranging from 3:1 to 9:1 (Loeber et al., 2000). ODD is defined by a frequent 
and persistent pattern of irritable and angry mood, vindictiveness and develop-
mentally inappropriate, negativistic, defiant, and disobedient behaviour toward 
authority figures (American Psychiatric Association, 2013). CD is characterised by 
a persistent pattern of multiple antisocial behaviours during childhood and ado-
lescence, including fighting, bullying, stealing, vandalism, and lying for personal 
gain (American Psychiatric Association, 2013). Depending on whether the indi-
vidual was younger or older than 10 years at the time of symptom onset, there is a 
differentiation between childhood-onset CD and adolescent-onset CD (American 
Psychiatric Association, 2013). 
Although both disorders have some distinct characteristics, the general consensus 
is that ODD and CD are highly correlated expressions of psychopathology. Till the 
emergence of the DSM-5, ODD has been coined as a milder version of CD as em-
phasised by the hierarchical rule stipulated in the DSM-IV stating that a diagnosis 
of ODD is precluded when CD is present, due to very high levels of ODD features 
in individuals with CD and the precursory role of ODD for CD. This precursory 
role of ODD for the later development of CD is supported by a quadrupled risk 
for the development of CD in individuals with ODD (Burke, Loeber, & Birmaher, 
2002; Loeber et al., 2009; Rowe, Costello, Angold, Copeland, & Maughan, 2010). 
In addition to the high levels of ODD features in CD, comorbidity rates of ODD 
are as high as 45% in children with CD, and in clinical samples these rates increase 
to up to 96% (Loeber et al., 2009; Rowe, Maughan, Pickles, Costello, & Angold, 
2002). ODD and CD share risk factors in both the psychosocial domain, such as 
poverty and social disadvantage, and the family domain, such as a history of crimi-
nality in biological parents (Burke et al., 2002; Rowe et al., 2002). An extensive 
review on the heritability of ODD and CD shows heritability rates of 61% and 74%, 
respectively, with 50% of the reported genes being associated with both disorders 
(Coolidge, Thede, & Young, 2000; Lahey & Waldman, 2012). The presence of either 
ODD or CD predicts poor future outcomes, including compromised psychiatric, 
family and social functioning, as well as an increased risk for adverse life events: 
e.g., peer rejection, criminal behaviour and incarceration at a young age (Burke 
et al., 2002; Hamilton & Armando, 2008; Loeber et al., 2000). When ODD or CD 
persists, individuals are at a heightened risk for anxiety disorders and depression. 
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Furthermore, persistence of childhood ODD or CD into adulthood results in a 
diagnosis of antisocial personality disorder (APD), which is in turn related to high 
rates of domestic violence, unemployment and homelessness (Kimonis & Frick, 
2010; Loeber, Slot, Van der Laan, & Hoeve, 2008). APD can only be diagnosed 
when there is a history of some symptoms of CD and the transition from CD to 
APD occurs in around 54% of individuals with CD (American Psychiatric Associa-
tion, 2013; Fairchild, van Goozen, Calder, & Goodyer, 2013). Treatment of ODD and 
CD is generally not specific to either disorder, and a combination of interventions 
that aim at multiple domains tends to be more successful than treating a singu-
lar domain. In the current review, ODD and CD will be treated as representing 
one dimension of psychopathology, because of the similarities in many domains 
including aetiology, phenotypical manifestation, correlated features, as well as 
treatment. We will refer to this dimension as ODD/CD
Several explanatory models of ODD/CD focus specifically on neurocognitive 
impairments, which are thought to be related to abnormalities in underlying brain 
mechanisms. Neurocognitive impairments that are associated with ODD/CD 
include lower IQ, deficiencies in inhibitory control, abnormalities in emotional 
processing and social cognition, and abnormalities in reinforcement processing. 
Most of the explanatory models emphasise a deficit in so-called executive func-
tioning (EF). EF is the sum of neurocognitive processes that maintain an appropri-
ate problem-solving set to attain a goal (Pennington & Ozonoff, 1996; Willcutt, 
Doyle, Nigg, Faraone, & Pennington, 2005). A well-known distinction in EF is that 
between hot and cool EF. Hot EF is characterised by motivational and affective 
aspects of cognitive processing, such as reinforcement learning, affective decision-
making and emotional processing (V. A. Anderson, Jacobs, & Anderson, 2008; 
Blair & Lee, 2013; Kerr & Zelazo, 2004; Zelazo & Carlson, 2012). Brain areas that 
are reported to be important for hot EF include the amygdala, anterior cingulate 
cortex, insula and orbitofrontal cortex (Crowe & Blair, 2008; Prencipe et al., 2011; 
Rubia, 2011). In contrast, cool EF refers to goal-directed and problem-solving be-
haviours, as well as self-regulation, not involving motivational or affective aspects. 
Cool EF encompasses functions using diverse abilities such as inhibition, working 
memory, planning, flexibility, and the ability to creatively generate solutions for 
problems (Diamond, 2013; Sarkar et al., 2013). Brain areas reported to be central to 
cool EF include the dorsolateral prefrontal cortex and the cerebellum (Prencipe et 
al., 2011; Rubia, 2011; Sterzer & Stadler, 2009; Yang & Raine, 2009). This distinction 
between hot and cool EF provides a framework to study underlying brain mecha-
nisms of observed behavioural and neurocognitive abnormalities in ODD/CD. 
This knowledge can help test theoretical models on ODD/CD through clarifying 
involvement of brain areas central to those models. This important information on 
theoretical model building can in turn help to further advance the field, by yield-
ing supporting or opposing evidence for the involvement of brain areas.
An altered reinforcement system, and thus a hot EF problem, was proposed in 
early models on ODD/CD by Quay (1965;1993) and by Newman (1986). Indeed, 
a recent extensive review in antisocial individuals showed altered sensitivity to 
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reward and punishment and processing of these contingencies (Byrd, Loeber, 
& Pardini, 2014). Specifically, antisocial individuals show an increased affinity 
for immediate reward over delayed reward, an insensitivity to punishment, and 
increased reward-seeking (Byrd et al., 2014). This altered reinforcement sensitivity 
has been related to problems in social cognition in individuals with ODD/CD. For 
example, these individuals tend to show a preference for more aggressive reactions 
in social situations, which might be due to their unsparing surge for reward and 
decreased punishment sensitivity (Burke et al., 2002; Loeber et al., 2008; Quay, 
1999; Rubia, 2011). In addition, abnormalities in emotional processing have been 
reported repeatedly in studies with ODD/CD samples (Byrd et al., 2014), including 
reduced levels of empathy and deficits in the recognition of emotional expressions 
(Blair, 2013). Both abnormalities in reinforcement sensitivity and emotional pro-
cessing in ODD/CD have been related to abnormalities in hot EF brain areas, such 
as the amygdala and the striatum (Crowe & Blair, 2008; Prencipe et al., 2011). 
Another important explanatory model, that is more fitting with a cool EF deficit, 
was proposed by Moffit (1993), who distinguished between adolescent-limited 
ODD/CD, and the more severe, life-course persistent ODD/CD (Moffitt, 1993). 
According to that model, adolescent-limited ODD/CD is merely a stage in de-
velopment during which adaptive social behaviour is tested and learned, while 
life-course persistent ODD/CD is thought to arise of an interplay between a dif-
ficult and under-controlled temperament and adverse environmental factors. This 
under-controlled temperament is thought to be promoted by a deficit in cool EF, 
including difficulties in inhibition and self-control (Burke et al., 2002; Loeber et 
al., 2008; Moffitt, 1993). Evidence from neurocognitive studies generally points to-
ward a range of abnormalities in cool EF in ODD/CD, such as low IQ, inefficiencies 
in problem solving, and less than optimal inhibitory control (Burke et al., 2002; 
Loeber et al., 2008; Oosterlaan, Logan, & Sergeant, 1998; Quay, 1999, but see Van 
Goozen, 2004), and have been related to abnormalities in the dorsolateral prefron-
tal cortex and cerebellum (Prencipe et al., 2011; Yang & Raine, 2009).
Finally, one of the most influential explanatory models at present is proposed by 
Blair, who suggests that individuals with ODD/CD demonstrate impairments in 
two separate circuits associated with hot and cool EF (Blair, 2005). According to 
Blair (2005), the first compromised circuit is involved in emotional processing 
and regulation and is responsible for an increase in antisocial behaviour. The key 
component of brain areas underlying this mainly hot EF circuit is supposedly the 
amygdala. The second compromised circuit is involved in response inhibition and 
is responsible for loss of temper and exaggerated aggressive responses in individu-
als with ODD/CD. The key component of brain areas underlying this mainly cool 
EF circuit is supposedly the ventrolateral frontal cortex. 
Support for the explanatory models on ODD/CD is well established in behavioural 
studies. However, knowledge about these models in terms of structural and func-
tional neuroimaging is incomplete. While a review of the current structural and 
functional neuroimaging literature would be an ideal way to provide neurobiologi-
4
90  |
cal evidence to confirm or reject a model, such a review has not been conducted 
so far. The current review aims to fill this gap with the goal to enhance insight into 
the underlying mechanisms of ODD/CD and additionally test the plausibility of 
hot and cool EF models in ODD/CD in terms of neural mechanisms. 
A highly comorbid condition of ODD/CD is attention-deficit hyperactivity disor-
der (ADHD), one of the most commonly diagnosed disruptive behaviour disorders 
in children. The percentage of individuals diagnosed with ODD/CD that addition-
ally qualify for a comorbid ADHD diagnosis ranges up to 35%, and up to 50% of 
children with disruptive behaviours show symptoms of both ADHD and ODD/CD 
(N. E. Anderson & Kiehl, 2013; Connor, Steeber, & McBurnett, 2010; Loeber et al., 
2000; Waschbusch, 2002). In children and adolescents with ODD/CD and comor-
bid ADHD, the prognosis, including the risk to develop anxiety and depressive 
disorders and antisocial personality disorder, is considerably worse than when only 
ODD/CD or only ADHD is present (Dolan & Lennox, 2013; Loeber et al., 2000). 
In addition, this comorbid group shows an earlier age of symptom onset, exhibits 
more physical aggression and delinquency, shows significantly higher ODD, CD 
and ADHD symptom severity, and shows more functional impairments than a 
group with any of these diagnoses in singularity (N. E. Anderson & Kiehl, 2012; 
Loeber et al., 2000; Waschbusch, 2002). This highlights the importance of clari-
fying the specificity of abnormalities associated with ODD/CD and contrasting 
ODD/CD-only with ODD/CD+ADHD, when studying these disorders. 
 
Although previous reviews have addressed structural and functional brain ab-
normalities in ODD/CD (Matthys, Vanderschuren, & Schutter, 2013; Rubia, 2011), 
these reviews were neither systematic reviews, nor focussed exclusively on diag-
nostic groups of ODD/CD, nor were set out to investigate the relative contribution 
of ADHD. To address structural and functional brain anatomical aspects of ODD/
CD, the current comprehensive review includes a complete systematic narrative 
review as well as meta-analyses using ALE (Eickhoff, Bzdok, Laird, Kurth, & Fox, 
2012; Eickhoff et al., 2009; Laird et al., 2005) of the available structural and func-
tional imaging studies. The quantitative approach increases the precision and the 
power of reported results compared with a purely qualitative review, and indicates 
which brain areas are most robustly implicated in ODD/CD. However, since an 
ALE meta-analysis does not allow inclusion of studies reporting on non-significant 
group differences, the narrative review provides the necessary balance in interpret-
ing the findings. The narrative review complied with the standards of a systematic 
review, performing a literature search based on a detailed plan and search strategy, 
and had the goal of reducing bias by identifying, appraising and synthesising all 
relevant studies on this topic. In addition, we investigated the specificity of brain 
correlates. Firstly, we investigated specificity by discussing results from studies 
using ODD/CD-only samples separately from results from studies using ODD/
CD+ADHD samples. Secondly, we compared results of samples including indi-
viduals with ODD/CD (with and without comorbid ADHD) to samples including 
individuals with ADHD-only. In addition, we reported associations between ab-
normalities in investigated structures and ODD/CD related symptoms. Knowledge 
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about the specificity of reported abnormalities may help to clarify the heterogene-
ity in studies on ODD/CD.
This review is divided in two sections. The first section deals with structural find-
ings, integrating findings for all reported brain areas; the second section deals with 
functional findings, and is divided in a part describing hot EF and a subsequent 
part describing cool EF, based on the assessed tasks and contrasts. Each section 
starts with a quantitative meta-analysis, for which an activation likelihood esti-
mation (ALE) meta-analysis was performed. ALE is a technique that is used to 
identify significant anatomical locations for which effects are consistent, and that 
is robust to publication bias (for a detailed prescription of ALE see Eickhoff et al., 
2012; Eickhoff et al., 2009; Laird et al., 2005). This quantitative meta-analysis is fol-
lowed by a narrative review. Then, both the sections on structural and functional 
findings are integrated to provide a complete overview of all involved brain areas 
and to assess the evidence for abnormalities in terms of hot and cool EF related 
brain areas. We expected to find abnormalities in brain structure and function of 
individuals with ODD/CD subserving both hot EF (i.e., the amygdala, anterior 
cingulate cortex, insula, and orbitofrontal cortex (Crowe & Blair, 2008; Prencipe 
et al., 2011; Rubia, 2011)) and cool EF (i.e. the dorsolateral prefrontal cortex and 
cerebellum (Prencipe et al., 2011; Rubia, 2011; Sterzer & Stadler, 2009; Yang & 
Raine, 2009)), which would be in line with an integrated model such as the model 
proposed by Blair.
METHODS
Study Selection
This review included all empirical studies that met the following inclusion crite-
ria: (1) the study reported on functional or structural magnetic resonance imag-
ing results, comparing (a) individuals with ODD/CD with or without comorbid 
ADHD to control subjects, and if included, to individuals with ADHD-only, or (b) 
individuals with ODD/CD without ADHD to ODD/CD individuals with ADHD. 
The control group of each study was carefully checked on reported psychiatric dis-
orders, and when a study reported on the presence of any psychiatric disorder in 
participants of the control group, that study was excluded from the current study. 
This resulted in the exclusion of two studies. (2) Diagnosis of the participants had 
to be based on DSM-III, DSM-IV or DSM-5 criteria. (3) The study had to be pub-
lished in a peer-reviewed English language journal. No limits were set on the ages 
of participants. All relevant studies published up till June 2015 were incorporated.
The databases PubMed, EMBASE, PsycInfo and Web of Science were searched, us-
ing the search terms ODD, CD, disruptive behavioural disorder, disruptive behav-
iour, externalising behavioural disorder, externalising behaviour, MRI, neuroimag-
ing, and equivalent MeSH terms. Furthermore, reference lists of selected studies 
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and reviews were checked for additional relevant studies. A total of 576 studies 
were initially retrieved and screened, after which a total of 67 studies remained 
that fulfilled inclusion criteria based on screening of the title and abstract. These 
67 studies were further assessed for eligibility using the full text of the study, re-
sulting in 29 studies that met inclusion criteria and were incorporated in the pre-
sent review; see Figure 4.1 for the flow diagram of included studies. The 29 studies 
selected for review included a total of 1278 individuals, including 713 patients and 
565 controls.
Figure 4.1. PRISMA flow diagram showing the process of study selection
In this review, we distinguished the following samples: (1) ODD/CD-only, includ-
ing only individuals with ODD/CD without comorbid ADHD, (2) ODD/CD-
mixed, including both individuals with ODD/CD-only and individuals with ODD/
CD+ADHD, and (3) ODD/CD+ADHD, including only individuals classifying for 
both ODD/CD and ADHD. We included a total of 10 ODD/CD-only studies (7 
structural, 3 functional), 14 ODD/CD-mixed studies (9 structural, 5 functional, 
and 5 ODD/CD+ADHD studies (1 structural, 4 functional). By differentiating 
between these three samples, it was possible to discern whether an abnormality 
was related to ODD/CD and not confounded by comorbid ADHD, which would 
be suggested when an abnormality is found in an ODD/CD-only sample. Alterna-
tively, when an abnormality is found in an ODD/CD-mixed or ODD/CD+ADHD 
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sample, it may be possible that the abnormality is also related to comorbid ADHD. 
Therefore, results are discussed separately for ODD/CD-only samples versus 
controls and for ODD/CD-mixed and ODD/CD+ADHD samples versus controls. 
When included in a study, results from additional comparisons with an ADHD-
only sample were provided. 
The section on structural neuroimaging findings reports all brain areas, not 
distinguishing between hot and cool EF. The section on functional neuroimaging 
findings is divided in two parts: the first part is focused on hot EF and the second 
part is focused on cool EF. Classification of studies as hot or cool was done in line 
with the literature. Two authors independently inspected the task characteristics 
and the reported contrasts for each study and judged these as assessing either hot 
or cool EF. In case of disagreement, the third author was consulted, resulting in 
full agreement on all studies. One study (Rubia, Smith, et al., 2009) targeted both 
hot and cool EF and we therefore discussed this study in both parts of the fMRI 
results. After presentation of the meta-analytic and narrative results of the struc-
tural and functional studies, findings are integrated for structural and functional 
studies in order to provide an overview of all relevant literature and resulting 
conclusions in terms of hot and cool EF related brain areas.
Meta-analysis: Activation Likelihood Estimation 
For the quantitative meta-analysis, an activation likelihood estimation (ALE) me-
ta-analysis was performed using the Brainmap GingerALE software package (Eick-
hoff et al., 2012; Eickhoff et al., 2009; Laird et al., 2005). For the ALE meta-analysis 
to be reliable, the minimum number of studies to be included is five (www.brain-
map.org). The algorithm used by GingerALE applies a random-effects approach to 
identify anatomical locations for which effects are observed most consistently, and 
which renders it robust for the possible effects of publication bias (Fox, Parsons, 
& Lancaster, 1998). Analyses were performed separately for the structural and the 
functional studies, and for the functional studies these were performed separately 
for studies on hot and on cool EF. Studies eligible for inclusion in the meta-anal-
ysis were additionally required to report x/y/z coordinates for clusters showing 
group differences in volume (structural MRI) or activity (functional MRI) in either 
Montreal Neurological Institute (MNI) or Talairach space. 
All coordinates originally reported in MNI space were normalised to Talairach 
space using Lancaster’s Transform; coordinates which were already in Talairach 
space were converted back to MNI coordinates and subsequently normalised to 
Talairach space using Lancaster’s Transform, to account for divergent analyses 
procedures and minimise differences in coordinates between studies (Laird et al., 
2010; Lancaster et al., 2007). The 2.3.1 version of GingerALE (Eickhoff et al., 2009) 
was applied in the current study and used the coordinates of the reported voxels of 
each study, referring to the areas that showed a group difference, as a probability 
distribution to create an ALE distribution map (Eickhoff et al., 2012; Eickhoff et al., 
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2009; Turkeltaub, Eden, Jones, & Zeffiro, 2002). Results across studies were aggre-
gated by GingerALE, and modelled activation maps were generated by calculating 
the probability that a particular voxel was activated as the union of probabilities 
for that voxel across studies. The contribution of each study to the meta-analytic 
result was weighted using the study’s sample size, by widening the Gaussian dis-
tribution for a voxel with smaller samples to compensate for spatial uncertainty. 
Meta-analytic maps were generated by combining all the modelled activations 
maps, and were subsequently corrected for multiple comparisons using Family 
Wise Error correction. This ensured that differences between studies in terms of 
the number of areas showing significant group differences (e.g., due to applying a 
lower statistical threshold), did not influence the combined ALE map (Turkeltaub 
et al., 2012). This combined ALE map was then compared to a map from a null 
distribution with the same number of foci, but now randomly placed throughout 
the grey matter of the brain. After this, the final ALE map was thresholded at p < 
.05 using a false discovery rate (FDR) correction for multiple comparisons, and a 
minimum cluster size of 100 mm3 (see www.brainmap.org/ale/).
Both studies using a region of interest (ROI) approach, thus a hypothesis driven 
pre-selection of specific brain areas, and studies using a whole brain analyses 
(WBA) approach, thus studying the entire brain, were included in this review. To 
test the possibility that studies using an ROI approach might bias meta-analytic 
results due to less stringent statistical criteria, the resulting map of all studies 
(using both WBA and ROI approach) was compared to the resulting map from 
studies with a WBA approach. When differences between the maps were present, 
results from the map including only the WBA studies were reported. The ALE map 
was overlaid onto a Talairach anatomical template for visualisation purposes, and 
the areas reported in our Results section refer to the locations of the extrema.
RESULTS
Results of the reviewed studies are discussed in two main sections with the first 
section summarising the structural neuroimaging findings and the second section 
summarising the functional neuroimaging findings. Both sections start with a gen-
eral overview of all included studies, after which the results from the meta-analysis 
are reported, followed by the results from the narrative review. The narrative parts 
contain a summary of the main findings for ODD/CD-only groups first since those 
are not biased by comorbid ADHD, followed by the main findings in ODD/CD-
mixed and ODD/CD+ADHD groups, and ends with the correlational findings and 
the specificity of findings regarding ODD/CD. 
After presentation of the meta-analytic and narrative results of the structural and 
functional studies, structural and functional findings are integrated in order to 
provide an overview of all relevant literature and resulting conclusions in terms 
of hot and cool EF related brain areas. Since an ALE meta-analysis cannot include 
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studies that reported on non-significant group differences, but rather identifies 
anatomical locations for which effects are observed most consistently, findings 
from the ALE meta-analysis are combined with the results of the narrative review 
to provide a comprehensive and balanced overview of available evidence.
Structural Neuroimaging Findings
General overview. Table 4.1 shows a total of 12 studies that investigated structural 
differences in individuals with ODD/CD-only (three studies), ODD/CD-mixed 
(five studies), or ODD/CD+ADHD (four studies) compared with controls. All 12 
studies used WBA to investigate regional brain differences, while three studies ad-
ditionally used an ROI approach (Fairchild, Hagan, et al., 2013; Fairchild et al., 2011; 
Sterzer, Stadler, Poustka, & Kleinschmidt, 2007). Two of these studies also report-
ed on results of contrasts between ODD/CD (with and without comorbid ADHD) 
and ADHD-only. In addition, seven studies investigated the association between 
brain region volumes and symptom counts of ODD/CD (Fahim et al., 2011; Fair-
child, Hagan, et al., 2013; Fairchild et al., 2011; Huebner et al., 2008; Michalska, 
Decety, Zeffiro, & Lahey, 2015; Sterzer et al., 2007; Stevens & Haney-Caron, 2012).
All studies investigated children/adolescents. For information regarding group 
and study characteristics of the included studies, see Table 4.1. Reported differ-
ences in brain structures are bilateral, unless reported to be either left or right 
sided. Results are reported from WBA approaches, unless specified to be the result 
of ROI based analyses.
Structural ALE meta-analysis. Eight structural studies, all using a WBA ap-
proach, reported coordinates and were included in the meta-analysis (studies 
marked with a in Table 4.1). Due to the limited number of studies in ODD/CD-
only (three studies) it was not possible to perform an ALE meta-analysis on studies 
comparing ODD/CD-only groups and controls (minimum number of studies 
required is five). Hence, the ALE meta-analysis was performed on all ODD/CD 
samples, therewith including both individuals with and without comorbid ADHD. 
Total sample sizes for all included studies ranged between 24 and 90 individuals, 
adding up to a total of 415 individuals, of which 267 were patients and 148 were 
controls (age range 8–21 years). Five studies used a full male sample, two studies 
used a sample consisting of 71% males and one study used a full female sample. 
These studies provided a total of 58 foci of grey matter volume abnormalities in 
individuals with ODD/CD with and without comorbid ADHD. 
The ALE analysis revealed four significant clusters of altered grey matter volumes 
that differed between patients and controls (see Figure 4.2 for visualisation). The 
largest cluster (760 mm3) was located in the left amygdala, with three foci inside 
this cluster. A second cluster (456 mm3) was found in the left insula, containing 
three foci. A third cluster (352 mm3) was located in the left medial/superior frontal 
gyrus, containing two foci. The fourth cluster (216 mm3) was located in the right 
insula, containing two foci. 
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Table 4.1.  Summary of study characteristics and results for structural imaging
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))
ODD/CD 
-only
ODD/CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
1. Fahim 
et al., 
2011 a,d
47 c
(100% 
male)
22 N/A N/A N/A 25 Patients: 8.4 
(0.10) 
Controls: 8.4 
(0.07)
2. Fairchild 
et al., 
2011 a,d
90
(100% 
male)
63 N/A N/A N/A 27 16 - 21
3. Stevens 
et al., 
2012 a,d
72
(71% 
male)
24 N/A N/A 24 24 12 - 18
4. Bussing 
et al., 
2002
31   
(74% 
male)
N/A 12 N/A N/A 19 8 - 12
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Analysis 
method
Results of comparisons between ODD/CD-only and control group, between 
ODD/CD+ADHD and control group, and between ODD/CD-mixed and control 
group (brain regions reported show reduced volumes in the patient group, unless 
otherwise reported).
Amyg-
dala
Insula Prefrontal  
cortex 
Other
Whole brain 
(VBM,
cortical 
thickness)
Correlational 
analyses
ns Bilateral Left 
dorsomedial
ODD/CD-only versus controls: 
VBM: Left medial frontal cortex /claustrum, 
right inferior frontal cortex/inferior parietal 
cortex  
Cortical thickness: left insula, left cingulate, 
left anterior cingulate, left medial frontal, left 
rectal/orbitofrontal, left uncus, left precu-
neus, right middle frontal, right superior 
temporal, right posterior cingulate
ODD/CD-only versus controls: 
VBM: Negative correlation between right 
superior temporal cortex, left superior 
frontal gyrus, right occipital cortex and left 
precuneus volume and ODD/CD symptom 
severity
ROI; amygdala, 
insula, anterior 
cingulate cor-
tex, orbito-
frontal cortex 
(VBM)
Whole brain
(VBM)
Correlational 
analyses
Bilateral 
(ROI)
Left 
(ROI)
Left 
dorsomedial
ODD/CD-only versus controls: 
Bilateral caudate, left fusiform gyrus, left 
inferior and superior occipital cortex
ODD/CD-only versus controls: 
Bilateral caudate, left fusiform gyrus, left 
inferior and superior occipital cortex
Whole brain 
(VBM)
Correlational 
analyses
Left ns ns ODD/CD-only versus controls: 
Left inferior frontal, right inferior/middle 
frontal, right parahippocampal/ fusiform, 
paracentral cingulate
ODD/CD-only versus controls: 
Positive correlation between bilateral 
amygdala, bilateral temporal cortex and 
right lateral orbitofrontal volume and ODD/
CD symptom severity
Whole brain 
(VBM)
ns ns ns ODD/CD+ADHD versus controls: 
Left and total posterior superior vermis, left 
and total posterior inferior vermis
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Table 4.1. (continued) 
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))
ODD/CD 
-only
ODD/CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
5. Kruesi 
et al., 
2004
20 b,c
(90% 
male)
N/A 10 N/A N/A 10 Patients: 16.1 
(3.6)
Controls: 15.9 
(3.2)
6. Sterzer 
et al., 
2007 a,d
24
(100% 
male)
N/A N/A 12 N/A 12 Patients: 12.8 
(0.49) 
Controls: 12.5 
(0.45)  
7. McAlo-
nan 
et al., 
2007 a,d
59 a,c
(100% 
male)
N/A 28 N/A N/A 31 6 - 13
8. Hueb-
ner 
et al., 
2008 a,d
46 c
(100% 
male)
N/A N/A 23 N/A 23 12 - 17
9. Sasay-
ama 
et al., 
2010 a,d
35
(71% 
male)
N/A 10 N/A 8 17 6 - 16
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Analysis 
method
Results of comparisons between ODD/CD-only and control group, between 
ODD/CD+ADHD and control group, and between ODD/CD-mixed and control 
group (brain regions reported show reduced volumes in the patient group, unless 
otherwise reported).
Amyg-
dala
Insula Prefrontal  
cortex 
Other
Whole brain 
(VBM)
ns ns ns ODD/CD+ADHD versus controls: 
Right temporal lobe
ROI: amygdala, 
anterior insula, 
anterior cin-
gulate cortex, 
orbitofrontal 
cortex (VBM) 
Whole brain 
(VBM)
Correlational 
analyses
Left 
(ROI)
Bilateral 
(ROI)
ns ns
ODD/CD-mixed versus controls: 
Negative correlation between left amygdala 
and bilateral insula volume and ODD/CD 
symptom severity (ROI)
Whole brain 
(VBM)
ns ns ns ODD/CD+ADHD versus controls: 
Midline cerebellum, right globus pallidus, 
right middle frontal gyrus, right superior 
frontal gyrus, right precuneus, left inferior 
parietal gyrus, left superior occipital gyrus
Whole brain 
(VBM) 
Correlational 
analyses
Left ns ns ODD/CD-mixed versus controls: 
Grey matter, bilateral inferior temporal 
lobes, left hippocampus, left orbitofrontal 
gyrus
Increased bilateral cerebellar volume in 
ODD/CD-mixed group 
ODD/CD-mixed versus controls: 
Negative correlation between bilateral 
amygdala volume and ODD/CD symptom 
severity
Whole brain 
(VBM)
Left ns ns ODD/CD+ADHD versus controls: 
Bilateral temporal lobes, bilateral occipital 
lobes
ODD/CD+ADHD versus controls: 
Bilateral temporal lobes, bilateral occipital 
lobes
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Table 4.1. (continued) 
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))
ODD/CD 
-only
ODD/CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
10. Fair-
child 
et al., 
2013 a,d
42 b,e 
(100% 
female)
N/A N/A 22 N/A 20 14 - 20
11. Hum-
mer 
et al., 
2014
66 c 
(73% 
male)
N/A N/A 33 N/A 33 13 - 17
12. 
Michalska 
et al., 
2014
111 b
(48% 
male)
N/A 43 N/A N/A 68 9 - 11
Note.  Groups did not differ in terms of gender, IQ, or socioeconomic status, unless stated other-
wise. ADHD = Attention-Deficit/Hyperactivity Disorder; CD = Conduct Disorder; N/A = not applica-
ble; ns = no significant results are reported for this region; ODD = Oppositional Defiant Disorder; 
ROI = Region Of Interest; VBM = Voxel-Based Morphometry. 
a Included no data on medication-use or did not adjust for effects of medication-use
b Groups differed on IQ, or included no data on IQ
c Participants withheld stimulant medication for >24 hours prior to scanning
d Results included in ALE analysis
e Groups differed on socioeconomic status
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Analysis 
method
Results of comparisons between ODD/CD-only and control group, between 
ODD/CD+ADHD and control group, and between ODD/CD-mixed and control 
group (brain regions reported show reduced volumes in the patient group, unless 
otherwise reported).
Amyg-
dala
Insula Prefrontal  
cortex 
Other
ROI; amygdala, 
anterior insula, 
striatum, ante-
rior cingulate 
cortex, orbito-
frontal cortex 
(VBM)
Whole brain
(VBM)
Correlational 
analyses
ns Bilateral 
(ROI)
Right dorso-
lateral 
ODD/CD-mixed versus controls:
Right (ventral) striatum (ROI), right orbito-
frontal cortex (ROI), left precentral gyrus, 
right mid-occipital cortex, right inferior fron-
tal gyrus, left precuneus, middle temporal 
gyrus
ODD/CD-mixed versus controls: 
Negative correlation between bilateral 
insula volume and psychopathic traits 
(ROI), negative correlation between both 
bilateral insula and left striatum volume and 
callous-unemotional traits (ROI), posi-
tive correlation between bilateral middle/
superior orbitofrontal cortex and callous-
unemotional traits (ROI)
Whole brain
(VBM)
ns ns ns ns
Whole brain
(VBM)
Correlational 
analyses
ns ns ns ns
ODD/CD+ADHD versus controls: 
Negative correlation between left superior 
temporal sulcus volume and CD symptoms
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Narrative review. Table 4.1 provides an overview of investigated samples and 
approach (WBA or ROI) and summarizes the findings of the 12 studies reporting 
on sMRI. Total sample sizes for all included studies ranged between 20 and 111 
individuals, adding up to a total of 643 individuals, including 334 patients and 309 
controls (age range 6–21 years). The samples consisted predominantly of males, 
with five studies using a full male sample, six studies using a sample largely con-
sisting of males (range from 48-90 %), and one study using a full female sample. 
ODD/CD-only versus controls (3 studies). For total grey matter volume, one of 
three studies reported a reduction in the ODD/CD-only group. In terms of region-
al grey matter volumes, abnormalities in the insula (left and bilateral), amygdala 
(left and bilateral), the cingulate cortex (left and paracentral), the inferior frontal 
gyrus (left and right), and the left dorsomedial prefrontal cortex were repetitively 
reported (two out of three studies). 
ODD/CD-mixed and ODD/CD+ADHD (9 studies). Two of the four studies 
investigating total grey matter in ODD/CD-mixed and ODD/CD+ADHD samples 
reported smaller volumes in the diagnostic groups, compared with controls. In 
accordance with results from the studies in the ODD/CD-only group, three of the 
nine studies in ODD/CD-mixed and ODD/CD+ADHD groups provided sup-
port for abnormalities in the left amygdala. Additionally, abnormal volumes were 
reported in the ODD/CD-mixed and ODD/CD+ADHD groups for structures that 
were not found for ODD/CD-only groups, which might indicate that these ab-
normalities reflect the presence of comorbid ADHD rather than ODD/CD. These 
structures with smaller volumes were the temporal lobe (four out of nine studies: 
one left, one right, two bilateral) and the cerebellum (three out of nine studies: 
one left, two bilateral).
Correlational findings and specificity. A total of seven studies investigated rela-
tions between grey matter abnormalities and ODD/CD symptoms. Three out of 
seven studies reported associations for the amygdala, insula and temporal cortex. 
The three studies that reported associations between the amygdala and ODD/CD 
symptoms, showed either a positive association (thus a larger volume related to 
more ODD/CD symptoms) for the amygdala in an ODD/CD-only sample, or nega-
tive associations (thus a smaller volume related to more ODD/CD symptoms) for 
the bilateral or left amygdala in ODD/CD-mixed samples. For the insula, all three 
studies reported negative associations, one between the right insula and ODD/CD 
symptoms in an ODD/CD-only sample and two between the insula and ODD/CD 
symptoms in ODD/CD-mixed samples. For the three studies that found associa-
tions between the superior temporal cortex and ODD/CD symptoms, one study re-
ported a positive association for the superior temporal cortex in an ODD/CD-only 
sample, while the other two studies reported a negative association for the right 
superior temporal cortex in an ODD/CD-only sample and for the left superior 
temporal cortex in an ODD/CD+ADHD sample. 
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In terms of specificity of abnormalities for ODD/CD as compared with ADHD, 
one study reported grey matter reductions in the amygdala and frontal gyrus to be 
specific for ODD/CD-only, since these were not present in the ADHD-only group. 
In addition, another study looked at disorder specificity by covarying for ODD/
CD in an ODD/CD-mixed group and reported that the grey matter reductions in 
the amygdala turned non-significant, suggesting that these grey matter reductions 
were specific for ODD/CD.
Structural summary. Combining the results from the meta-analysis and the 
narrative review, structural neuroimaging studies most consistently implicated 
abnormalities of the left amygdala, insula and left frontal gyrus in ODD/CD.
Figure 4.2. Results of the structural ALE meta-analysis showing the clusters in left amyg-
dala, insula, and left medial/superior frontal gyrus (pcorrected < 0.05) superimposed on a 
structural scan in Talairach space. 
Top row: coronal view, bottom row: axial view. L = left, R = Right
Functional Neuroimaging Findings
General overview. Tables 4.2 and 4.3 show a total of 17 studies that investigated 
brain activity correlates in individuals with ODD/CD-only (seven studies), ODD/
CD-mixed (nine studies), or ODD/CD+ADHD (one study) compared with typi-
cally developing individuals. Of the 17 included studies, 14 conducted a WBA 
approach to investigate regional brain differences, of which 5 also conducted ROI 
4
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analyses (Cohn et al., 2014; Finger et al., 2011; Herpertz et al., 2008; Passamonti 
et al., 2010; White et al., 2013). In three studies only ROI analyses were reported 
(Gatzke-Kopp et al., 2009; Marsh et al., 2008; Sterzer, Stadler, Krebs, Klein-
schmidt, & Poustka, 2005). Seven studies investigated the association between 
activity in brain areas and ODD/CD symptom counts (Cohn et al., 2014; Finger et 
al., 2008; Marsh et al., 2013; Passamonti et al., 2010; Rubia et al., 2010; Rubia et al., 
2008; Sterzer et al., 2005). 
We reviewed the studies using the framework of hot and cool EF in ODD/CD, 
which resulted in 13 studies in the hot EF section and 5 studies in the cool EF 
section, of which 1 study appeared in both sections (Rubia, Smith, et al., 2009). 
The 13 studies in the hot EF section included groups with ODD/CD-only (three 
studies), ODD/CD-mixed (nine studies) or ODD/CD+ADHD (one study). In all 
studies, these groups were compared with a typically developing group and in 
four studies these groups were additionally compared with an ADHD-only group 
(Finger et al., 2008; Herpertz et al., 2008; Marsh et al., 2008; Rubia, Smith, et al., 
2009). The five studies in the cool EF section only included individuals with ODD/
CD-only that were compared with a typically developing group and in four of the 
studies the ODD/CD-only group was additionally compared with an ADHD-only 
group (Rubia et al., 2010; Rubia, Halari, et al., 2009; Rubia et al., 2008; Rubia, 
Smith, et al., 2009). Because four of the five cool EF studies were published by the 
same research group and included largely overlapping samples (Rubia et al., 2010; 
Rubia, Halari, et al., 2009; Rubia et al., 2008; Rubia, Smith, et al., 2009), we did not 
perform an ALE meta-analysis on cool EF fMRI studies in ODD/CD as at least five 
independent samples are required for this analysis (www.brainmap.org).
All studies investigated children/adolescents. For information regarding group 
characteristics of the included samples, see Tables 2 and 3. Reported differences 
in brain structures are bilateral, unless reported to be either left or right sided. Re-
sults are reported from WBA approaches, unless specified to be the result of ROI 
based analyses, see Tables 2 and 3.
  
Hot EF – ALE meta-analysis. Thirteen functional neuroimaging studies of hot EF 
were initially included in the meta-analysis. Due to the limited number of stud-
ies in ODD/CD-only (three studies) it was not possible to perform an ALE meta-
analysis on studies comparing ODD/CD-only groups and controls, thus the ALE 
meta-analysis was performed on all ODD/CD samples, therewith including both 
individuals with and without comorbid ADHD. 
There was a difference between the resulting maps of the ALE analysis with and 
without the ROI-only studies. Therefore, we reported the results from the map 
that included only WBA approach-based studies given the unbiased results. Total 
sample sizes for all included studies ranged between 30 and 75 individuals, add-
ing up to a total of 423 subjects, of which 256 were patients and 167 were controls 
(age range 9–21 years). Three studies assessed a full male sample and six studies 
assessed a sample largely consisting of males (range from 56-79%). The studies re-
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ported on different tasks associated with hot EF functions: three studies assessed 
processing of contingencies, two studies assessed passive viewing of emotional 
pictures, two studies assessed passive avoidance learning, one study assessed active 
viewing and rating of painful situations, and one study assessed implicit emo-
tional processing.
The included studies provided a total of 68 foci of areas showing altered activity in 
individuals with ODD/CD with and without comorbid ADHD. The ALE analysis 
revealed five significant clusters representing areas with altered activity in patients 
with ODD/CD-only or ODD/CD+ADHD that were most consistently reported 
across the studies (see Figure 4.3 for visualisation). The largest cluster (416 mm3) 
was located in the right globus pallidus, with two foci inside this cluster. The 
second (328 mm3) and third (256 mm3) clusters were located in the right and left 
amygdala, and contained three and two foci, respectively. The fourth cluster (208 
mm3) was present in the left caudate, while the fifth cluster (200 mm3) was located 
in the left fusiform gyrus, both contained two foci. 
Figure 4.3. Results of the structural ALE meta-analysis showing the clusters in left amyg-
dala, insula, and left medial/superior frontal gyrus (pcorrected < 0.05) superimposed on a 
structural scan in Talairach space. 
Top row: coronal view, bottom row: axial view. L = left, R = Right.
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Table 4.2.  Summary of study characteristics and results for functional imaging - Hot EF
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))ODD/
CD 
-only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
13. Rubia, 
Smith, et al., 
2009b a,b
48 c,d  
(100% 
male)
14 N/A N/A 18 16 9 - 16
14. Kalnin 
et al., 2011
44 c,d,e  
(59% 
male)
22 N/A N/A N/A 22 13 - 17
15. Marsh 
et al., 2013 a
35 c,d,f 
(66% 
male)
14 N/A N/A N/A 21 10 - 17
16. Sterzer 
et al., 2005
27 d,f 
(100% 
male)
N/A N/A 13 N/A 14 9 - 15
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Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
Whole brain Continuous Perfor-
mance Task
- Reward
- Non-reward
ODD/CD-only versus controls:
Behavioural: No significant group differences, all 
groups showed equally enhanced performance as a 
result of reward (versus non-reward trials) 
Reward > non-reward: reduced activity in right lateral 
and medial orbitofrontal cortex
Whole brain Emotional Stroop task
- Violent words
- Non-violent words
ODD/CD-only versus controls:
Behavioural: No significant group differences
No significant group differences
Whole brain
Correlational 
analyses
Viewing of pictures 
with three pain 
intensities (severe/mo-
derate/none) during 
two conditions: pain 
applied to subject him/
herself or to someone 
else
ODD/CD-only versus controls: 
Behavioural: No significant group differences
Group differences for the main effect of pain viewing: 
reduced activity in left medial frontal gyrus, rostral ante-
rior cingulate cortex, right putamen 
Other’s pain < own pain: reduced activity in left amyg-
dala/uncus, left superior frontal gyrus, right insula
ODD/CD-only versus controls:
Negative correlation between left amygdala activa-
tion and aggressive behaviour, negative correlation 
between left anterior cingulate cortex activation and 
aggressive behaviour
ROI: amygdala, 
hippocampus, 
orbitofrontal 
cortex, anterior 
cingulate cortex
Correlational 
analyses
Passive viewing task
of neutral and negative 
pictures. 
ODD/CD-mixed versus controls:
Behavioural: lowered arousal ratings for negative 
pictures and lowered valence and arousal ratings for 
neutral pictures in the CD-mixed group compared to 
controls
Negative > neutral pictures: reduced activity in left 
amygdala (ROI), right dorsal anterior cingulate (ROI)
ODD/CD-mixed versus controls:
Negative correlation between both left amygdala and 
right anterior cingulate cortex activation and aggressive 
behaviour (negative versus neutral contrast)
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Table 4.2.  (continued)
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))ODD/
CD 
-only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
17. Herpertz 
et al., 2008 a
57 e 
(100% 
male)
N/A N/A 22 13 22 12 - 17 
18. Finger et 
al., 2008 a
42 c,d,e 
(67% 
male)
N/A N/A 14 14 14 10 - 17
19. Marsh et 
al., 2008
36 e 
(58% 
male)
N/A N/A 12 12 12 10 - 17
20. Gatzke-
Kopp et al., 
2009
30 d,e 
(100% 
male)
N/A N/A 19 N/A 11 12 - 16
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Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
ROI: amygdala, 
anterior cin-
gulate cortex, 
orbitofrontal/ 
medial frontal 
cortex, insula
Whole brain 
Passive viewing task
Including positive, 
negative, neutral 
pictures 
ODD/CD-mixed versus controls:
Behavioural: CD-mixed evaluated negative and positive 
pictures as less arousing, and positive pictures as less 
pleasant compared to controls
Negative > neutral pictures: increased activity in left 
amygdala (ROI)
Whole brain Rewarded reversal 
learning
Task
- Punished reversal 
errors
- Correct rewarded 
responses
ODD/CD-mixed versus controls:
Behavioural: No significant group differences
Group differences for overall response type (reward 
and punishment): increased activity in left precuneus, 
right superior frontal gyrus
Punished reversal errors > correct rewarded responses: 
increased activity in ventromedial prefrontal cortex, 
right caudate
ROI: amygdala
Correlational 
analyses
Implicit process-
ing task: categorise 
gender of 
fearful, angry,
and neutral faces 
ODD/CD-mixed versus controls:
Behavioural: No significant group differences
Fearful > neutral pictures: reduced activity in bilateral 
amygdala (ROI)
ODD/CD-mixed versus controls:
Negative correlation between connectivity between 
amygdala and right ventromedial prefrontal cortex, and 
ODD/CD symptom severity
ROI: ante-
rior cingulate 
cortex, caudate, 
putamen
Monetary incentive 
task
- Reward
- Non-reward
ODD/CD-mixed versus controls:
Behavioural: No significant group differences
Non-reward > reward: reduced activity in bilateral ante-
rior cingulate (ROI)
increased activity in bilateral striatum (caudate) (ROI)
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Table 4.2.  (continued)
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))ODD/
CD -only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
21. Passa-
monti, et al., 
2010 a
75 
(100% 
male)
N/A N/A 52 N/A 23 16 - 21
22. Finger 
et al., 2011 a
30 f 
(60% 
male)
N/A N/A 15 N/A 15 Patients:
14,1 (1,8) 
  
Controls:   
13,2 (1,1)  
23. White 
et al., 2013 a
38 c,d,f,g 
(Patients:
82%
male
Controls:
56% 
male)
N/A N/A 20 N/A 18 Patients:
15,2 (2,0) 
Controls:   
14,9 (2,2)  
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4
Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
ROI: ventrome-
dial prefrontal 
cortex, amyg-
dala, insula, 
orbitofrontal 
cortex  
 
Whole brain
Correlational 
analyses
Implicit process-
ing task: categorise 
gender of 
angry, sad
and neutral faces
ODD/CD-mixed versus controls:
Behavioural: No significant group differences
Angry > neutral pictures: reduced activity in bilateral 
amygdala (ROI), left insula (ROI),right  ventromedial 
prefrontal cortex (ROI), bilateral dorsolateral prefrontal 
cortex, bilateral dorsomedial prefrontal cortex, bilateral 
orbitofrontal cortex (ROI), right inferior parietal cortex, 
bilateral inferior temporal gyrus, left fusiform gyrus, right 
middle temporal gyrus, right superior temporal sulcus/
gyrus, bilateral thalamus, left putamen, left cerebellum
Sad > neutral pictures: reduced activity in bilateral 
amygdala (ROI), ventromedial prefrontal cortex (ROI), 
left dorsolateral prefrontal cortex, putamen, right cer-
ebellum, bilateral superior temporal sulcus/gyrus
ODD/CD-mixed versus controls:
Negative correlation between right amygdala and 
CD symptoms (ROI), negative correlation between 
ventromedial prefrontal cortex and CD symptoms 
(ROI), negative correlation between left insula and CD 
symptoms (ROI)
ROI: amygdala, 
orbitofrontal 
cortex, striatum 
  
Whole brain
Passive avoiding 
learning task
- Rewarded correct 
hits
- Punished commis-
sion errors
ODD/CD-mixed versus controls: 
Behavioural: ODD/CD-mixed made more commission 
errors than controls during the late learning phase (all 
seven blocks after the first block). 
Overall response type (reward and punishment): re-
duced activity in right amygdala (ROI), bilateral superior 
frontal gyrus, left insula, right medial frontal gyrus, left 
middle frontal gyrus, left superior parietal lobule, left 
superior temporal gyrus, left lingual gyrus, right fusiform 
gyrus, left caudate (ROI), right thalamus  
Rewarded correct hits > punished commission errors: 
reduced activity in right orbitofrontal cortex (ROI), left 
middle frontal gyrus, parahippocampal gyrus  
ROI: amygdala, 
ventromedial 
prefrontal cor-
tex, caudate 
  
Whole brain 
Passive avoiding 
learning task
- Reward
- Punishment 
ODD/CD-mixed versus controls: 
Behavioural: a smaller proportion of the ODD/CD-mixed 
group than of the controls showed an association be-
tween expected value and choice behaviour
Receiving rewarding feedback modulated by prediction 
error: reduced activity in left caudate (ROI)
Receiving punishing feedback modulated by prediction 
error: increased activity in left caudate (ROI)
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Table 4.2.  (continued)
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))ODD/
CD -only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
24. White et 
al., 2014 a
30 d,f (Pa-
tients:
73%
male
Controls:
66% 
male)
N/A N/A 15 N/A 15 10 - 17
25. Cohn et 
al., 2014 a
68
(79% 
male)
N/A N/A 45 N/A 23 17,7 (1,6) 
Note. Participants did not differ in terms of gender, IQ, or socioeconomic status, unless stated 
otherwise. The underlined text describes the contrast for which the results are reported. 
ADHD = Attention-Deficit/Hyperactivity Disorder; CD = Conduct Disorder; EF = Executive Func-
tioning; N/A = not applicable; ODD = Oppositional Defiant Disorder; ROI = Region Of Interest. 
a Results included in ALE
b Study included in both hot and cool EF narrative review sections
c Groups differed on gender
d Groups differed on IQ measures 
e Participants withheld stimulant medication for >24 hours prior to scanning procedure, or did not 
use medication
f Participants did not withheld stimulant medication, but additional analysis did not show an effect 
of medication use on outcome measures
g Groups differed on socioeconomic status 
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Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
Whole brain Reinforcement
learning task
- Reward (appetitive 
image)
- Punishment (aver-
sive image)
ODD/CD-mixed versus controls: 
Behavioural: ODD/CD-mixed were less likely to avoid 
physical threat, but not contamination threat, stimuli 
than controls
Receiving rewarding feedback modulated by prediction 
error: reduced activity in right inferior parietal cortex
Receiving punishing feedback modulated by prediction 
error: increased activity in right inferior parietal cortex
ROI: amygdala, 
ventral striatum, 
medial prefron-
tal cortex
  
Whole brain
Correlational 
analyses
Monetary incentive 
delay task
- Reward
- Neutral
- Loss
ODD/CD-mixed versus controls: 
Behavioural: No significant group differences
Reward hit > reward miss (reward-feedback): reduced 
activity in right ventral striatum (ROI)
Loss miss > hit (loss-feedback): increased activity in 
right amygdala (ROI)
ODD/CD-mixed versus controls:
Negative correlation between left amygdala and CU 
traits (ROI)
No correlation between psychopathic traits and neural 
responses
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Table 4.3.  Summary of study characteristics and results for functional imaging - Cool EF
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))
ODD/
CD 
-only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
26. Rubia, 
Halari, et al., 
2008
48 - 53 
(100% 
male)
13 - 14 N/A N/A 14 - 20 16 - 20 9 - 17
27. Rubia, 
Halari, et al., 
2009
13. Rubia, 
Smith, et al., 
2009 b
28. Rubia, 
Halari, et al., 
2010
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Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
Whole brain Stop Task 
- Failed stop
- Successful stop
- Go
Simon Task
- Successful congru-
ent
- Successful incon-
gruent
- Successful oddball
Continuous Perfor-
mance
- Non-reward
- Non-target
Switching Task
- Switch
- Repeat
ODD/CD-only versus controls:
Behavioural: No significant group differences
Failed stops > go trials: reduced activity in right poste-
rior cingulate gyrus, right precuneus, left parietal cortex
Go > successful stop trials: reduced activity in anterior 
cingulate gyrus, insula, caudate, putamen, thalamus, 
left superior temporal cortex, premotor cortex
Behavioural: , ODD/CD made more errors compared to 
controls, no differences between the ADHD-only group 
and controls
Successful incongruent > successful oddball trials 
(interference inhibition): reduced activity in right middle 
and superior temporal lobe, right precuneus 
Behavioural: No significant group differences
Non-reward > non-target trials (sustained attention): 
reduced activity in right insula, right hippocampus, right 
anterior cingulate cortex, cerebellum, right thalamus, 
left occipital gyrus, left posterior cingulate, left precu-
neus
Behavioural: No significant group differences, but 
overall performance was poorer during the switch trials 
than repeat trials
Group differences for overall task performance: 
reduced activity in right inferior parietal lobe, right 
precentral gyrus, left-superior temporal/inferior parietal 
cortex, left precuneus, cuneus
ODD/CD-only versus controls:
Negative correlation between dorsolateral prefrontal 
cortex and conduct problems (1 study)
4
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Table 4.3.  Summary of study characteristics and results for functional imaging - Cool EF
Study Total 
sample 
size 
(% male/ 
female)
 Number of subjects 
(specified per group)
Age   
(years, range 
or M (SD))
ODD/
CD 
-only
ODD/
CD 
+ADHD
ODD/
CD-
mixed
ADHD- 
only
Controls
29. Zhu et 
al., 2014
21 e 
(100% 
male
11 N/A N/A N/A 10 10 - 12
Note. Participants did not differ in terms of gender, IQ, or socioeconomic status, unless stated 
otherwise. The underlined text describes the contrast for which the results are reported. 
ADHD = Attention-Deficit/Hyperactivity Disorder; CD = Conduct Disorder; EF = Executive Func-
tioning; N/A = not applicable; ODD = Oppositional Defiant Disorder; ROI = Region Of Interest. 
a Results included in ALE
b Study included in both hot and cool EF narrative review sections
c Groups differed on gender
d Groups differed on IQ measures 
e Participants withheld stimulant medication for >24 hours prior to scanning procedure, or did not 
use medication
f Participants did not withheld stimulant medication, but additional analysis did not show an effect 
of medication use on outcome measures
g Groups differed on socioeconomic status
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Analysis 
method
Task and conditions Results of comparisons between ODD/CD-only and 
control group, between ODD/CD+ADHD and control 
group, and between ODD/CD-mixed and control group. 
Whole brain GoStop Task 
- Complete task
ODD/CD-only versus controls:
Behavioural: ODD/CD-only showed higher error rate 
during response inhibition and a longer stop latency 
Group differences for overall task performance: re-
duced activity in right inferior frontal gyrus, increased 
activity in dorsolateral parts of bilateral inferior frontal 
frontal gyrus, left middle frontal gyrus, right superior 
frontal gyrus
4
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Hot EF – narrative review. Table 4.3 provides an overview of investigated sam-
ples and approach (WBA or ROI) and summarizes the findings of the 13 included 
studies reporting on hot EF. Sample sizes ranged between 27 and 75 individuals, 
adding up to a total of 560 individuals, including 334 patients and 226 controls 
(age range 9–21 years). The samples consisted predominantly of males, with five 
studies using a full male sample, and the other eight studies using a sample largely 
consisting of males (range from 56-82%). The studies reported on different tasks 
associated with hot EF functions: five studies assessed processing of contingen-
cies, three studies assessed passive viewing of emotional pictures, two studies 
assessed passive avoidance learning, one study assessed active viewing and rating 
of painful situations, one study assessed implicit emotional processing, and one 
study assessed interference control with emotional stimuli. Of the 13 studies, 10 
used a WBA approach and 3 only an ROI approach, resulting in different numbers 
of studies per investigated structure.
ODD/CD-only versus controls (3 studies). Two of the three studies reported 
abnormalities for ODD/CD-only compared with controls, of which one study 
reported lower activity in the right striatum, left amygdala, right insula, anterior 
cingulate cortex, and left medial and superior frontal gyrus, and the other study 
reported lower activity in the right lateral and medial orbitofrontal cortex.
 
ODD/CD-mixed and ODD/CD+ADHD (10 studies). Studies assessing ODD/
CD-mixed and ODD/CD+ADHD groups replicated findings of abnormal func-
tion of the striatum (six out of eight studies: three left, two right, one bilateral), 
including the caudate and putamen, and the amygdala (six out of nine studies: two 
left, two right, two bilateral). Additionally, functional abnormalities were reported 
in ODD/CD-mixed groups for the parietal cortex (three out of seven studies: 
two right, one left), which was not found for ODD/CD-only groups. This might 
indicate that the abnormal activity in the parietal cortex reflects the presence of 
comorbid ADHD rather than ODD/CD. 
Correlational findings and specificity. Five studies investigated relations be-
tween activity of specific structures and ODD/CD related symptoms. All five stud-
ies reported negative associations (thus a smaller volume related to more ODD/
CD symptoms) between amygdala activity and ODD/CD related symptoms, one 
for an ODD/CD-only sample (left) and four for ODD/CD-mixed samples (two left, 
one right, one bilateral). Furthermore, two of the five studies reported negative 
associations between left and right anterior cingulate cortex activity and ODD/CD 
related symptoms, of which one assessed an ODD/CD-only sample and the other 
assessed an ODD/CD-mixed sample, respectively. 
In terms of specificity, four studies investigated disorder specificity of the abnor-
malities compared with ADHD-only groups. Of these four studies, one study re-
ported the lower activity in the orbitofrontal cortex in an ODD/CD-only group to 
be disorder specific, while the other study reported lower activity in the amygdala 
in an ODD/CD-mixed group to be disorder specific.
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Hot EF – summary. Combining the results from the meta-analysis and the nar-
rative review, hot EF functional neuroimaging studies most consistently impli-
cated abnormalities of the amygdala and insula. Even though the meta-analysis 
implicated the left fusiform gyrus in ODD/CD, the narrative reviews did not show 
support for abnormalities in this area in ODD/CD. 
Cool EF – narrative review. Table 4.2 provides an overview of investigated sam-
ples and approach (WBA or ROI) and summarizes the findings of the five included 
studies reporting on cool EF. Sample sizes ranged between 21 and 53 individuals, 
with all studies assessing full male samples (age rang 9-17 years). The studies 
reported on different tasks associated with cool EF functions: one study assessed 
inhibitory control, one study assessed interference control, one study assessed 
attention allocation, one study assessed continuous performance, and one study 
assessed cognitive flexibility. 
ODD/CD-only versus controls (5 studies). Four of the five studies reported less 
activation in the precuneus of ODD/CD-only groups, with two studies reporting 
the left precuneus, one the bilateral precuneus, and one the right precuneus. Fur-
thermore, two of the five studies reported lower activity of the right insula, right 
anterior cingulate and right posterior cingulate cortex in ODD/CD-only.
Correlational findings and specificity. Two studies investigated relations be-
tween activity of specific structures and ODD/CD related symptoms, of which one 
reported a negative association between dorsolateral prefrontal cortex and ODD/
CD related symptoms and the other reported no associations. In terms of specific-
ity, four studies investigated disorder specificity of the abnormalities for ODD/
CD as compared with ADHD-only. One of these four studies reported abnormal 
activity in the insula, anterior cingulate cortex, cerebellum and hippocampus to be 
specific for ODD/CD-only, while another study reported specificity for lower activ-
ity in the left parietal-temporal cluster and the right parietal lobe.
Cool EF – summary. The number of available studies into cool EF did not allow a 
meta-analysis to be conducted. Based on the narrative review, abnormalities in the 
precuneus were most consistently implicated in ODD/CD. 
Integration of Quantitative and Qualitative Review Findings
In order to determine which hot and cool EF related brain areas are implicated in 
ODD/CD, findings from both sMRI and fMRI meta-analyses as well as from the 
narrative reviews are integrated. Since the meta-analyses provide the strongest 
evidence for the convergence of findings, the main findings of the meta-analyses 
are discussed first. Second, findings from ODD/CD-only studies (10) are discussed, 
since these are not biased by comorbid ADHD, followed by findings from the 
ODD/CD-mixed and ODD/CD+ADHD studies (19). Finally, all these findings are 
integrated, resulting in an overall conclusion for neuroanatomical abnormalities 
related to ODD/CD.
4
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Table 4.4 provides an overview and integration of all reported abnormalities. For 
the overall conclusion, priority was given to results from the ALE meta-analyses, 
since these provide the most objective and strong evidence for abnormalities of 
a certain structure. Qualifications used in the overall conclusion encompassed 
‘strong evidence’, ‘some evidence’, ‘weak evidence’ and ‘no evidence’. For the quali-
fication of ‘strong evidence’, the structure had to be reported in both of the ALE 
meta-analyses. Alternatively, the structure had to be reported in either one of the 
ALE meta-analyses, while being supported by at least half of the studies included 
in the narrative reviews (structural and functional) that investigated that struc-
ture. For the qualifications of ‘some evidence’ and ‘weak evidence’ at least a quarter 
of the studies included in the narrative review (structural and functional) that in-
vestigated that structure had to report abnormalities, while for ‘some evidence’ the 
reported abnormality needed additional support of one of the ALE meta-analyses. 
Finally, when less than a quarter of the studies that investigated that structure 
reported abnormalities, it was concluded that there was ‘no evidence’ for involve-
ment of that structure in ODD/CD.
Meta-analyses. Meta-analytic results implicated both structural and functional 
abnormalities for one of the hot EF related structures: the amygdala (left and 
bilateral, respectively). Other hot EF related areas were only implicated in the 
structural (insula, left frontal gyrus) or functional meta-analyses (striatum, left 
fusiform gyrus). 
 
Narrative review: ODD/CD-only versus controls (10 studies). Integration of 
the structural and functional findings implicated abnormalities in several hot EF 
related structures for ODD/CD, since these structures were reported in more than 
a quarter of the studies: the amygdala, right striatum, insula, and left frontal gyrus 
(see Table 4.4). For a range of structures there was only weak or no evidence for 
abnormalities in ODD/CD. 
Narrative review: ODD/CD-mixed and ODD/CD+ADHD (19 studies). Overall, 
findings from the ODD/CD-mixed and ODD/CD+ADHD groups again showed 
abnormalities in several hot EF related structures for ODD/CD: the amygdala, 
right striatum, insula and left frontal gyrus (see Table 4.4). For the amygdala and 
right striatum at least half of the structural and functional studies investigating 
those structures reported abnormalities, and for the insula and left frontal gyrus 
more than a quarter of the structural and functional studies investigating those 
structures reported abnormalities. Again, there was only weak or no evidence for 
involvement of a range of structures.
Overall conclusion and specificity of findings. Integration of the structural 
and functional findings across the ODD/CD-only, ODD/CD-mixed and ODD/
CD+ADHD samples provided strong evidence for abnormalities in structure and 
function of two hot EF related structures: the amygdala and the striatum (see Ta-
ble 4.4). Additionally, there was some evidence for structural and functional 
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abnormalities in two other hot EF related structures: the insula and the left frontal 
gyrus. 
Further support for involvement of abnormalities of some of these structures in 
ODD/CD was established by comparing the results from studies using ODD/
CD-only samples with the results from studies using ODD/CD-mixed and ODD/
CD+ADHD samples to see if results were mainly driven by ODD/CD, and review-
ing the correlational and specificity findings. The involvement of the amygdala in 
ODD/CD was further supported by the finding that abnormalities were mainly 
driven by the studies including ODD/CD-only or ODD/CD-mixed groups, and 
to a lesser extent by studies including ODD/CD+ADHD groups. Hence, it seems 
that abnormalities are related to ODD/CD and not to comorbid ADHD. Further-
more, there was strong evidence from studies on specificity of abnormalities in 
the amygdala for ODD/CD as compared with ADHD-only, and there was strong 
evidence for an association between both amygdala structure and function and 
ODD/CD related symptoms. Similar evidence was reported for the insula, where 
again the results were mainly driven by studies including ODD/CD-only or ODD/
CD-mixed groups, rather than by studies including ODD/CD+ADHD groups. 
Also, some evidence for an association between both insula structure and function 
and ODD/CD related symptoms was present. For the striatum there was some evi-
dence for an association between abnormalities in this area and ODD/CD related 
symptoms. For the other areas (frontal and fusiform gyrus) there was no further 
supporting evidence from studies investigating specificity by comparing an ODD/
CD-only sample with an ADHD-only sample, nor did correlational approaches 
provide evidence for associations between abnormalities in these areas and ODD/
CD symptoms. 
Finally, driven by results from the cool EF section using only ODD/CD-only 
samples, some evidence was found for abnormalities in a cool EF related structure 
in ODD/CD: the left precuneus. However, studies that compared ODD/CD-only 
samples with ADHD-only samples did not provide evidence for these abnormali-
ties to be specific for ODD/CD, nor did studies that assessed associations provide 
evidence for precuneus volume to be related to ODD/CD symptoms. Taken to-
gether, our results show strong evidence for involvement of the amygdala and the 
striatum, some evidence for involvement of the insula and the frontal gyrus, and 
weak evidence for involvement of the precuneus in ODD/CD.
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Table 4.4.  Overview of all reported structures and meta-analytic and narrative review 
ALE Meta-Analysis Abnormalities reported for the studies including samples of 
ODD/CD-only versus Controls
Struc-
tural
Functional Structural + 
Functional
Significant 
Associa-
tions b 
Struc-
tural
(n = 8)
Func-
tional
(n = 9) (n = 3, 
all WBA)
Hot
(n = 3, 
all WBA)
Cool a
(n = 5, 
all WBA)
(n = 11,           
all WBA)
(n = 5)
Total grey matter N/A N/A 1 3 N/A N/A 1 N/A 
Amygdala Left Bilateral 2 2,3 1 15 ns 3 2 3,15
Striatumg ns Bilateral 1 2 1 15 2 13,26 4 ns
Insula Bilateral ns 2 1,2 1 15 2 13,26 5 1 2
Frontal gyrus Left ns 2 1,3 1 15 1 29 4 1 1
Fusiform gyrus ns Left 2 2,3 ns ns 2 ns
Temporal cortex ns ns 1 1 ns 2 26,27 3 2 1,3
(Pre)cuneus ns ns 1 2 ns 4 3,26,27,28 5 1 1
Parietal cortex ns ns 1 2 ns 2 26,28 3 ns
Anterior cingulate ns ns ns ns 2 13,26 2 1 15
Orbitofrontal cortex ns ns 1 2 1 13 ns 2 ns
Prefrontal cortex ns ns 2 1,2 ns ns 2 1 28
Cerebellum ns ns ns ns 1 13 1 ns
Occipital cortex ns ns 1 2 ns 1 13 2 ns
Cingulate ns ns 2 1,3 ns 2 13,26 4 ns
Hippocampus ns ns ns ns 1 13 1 ns
Pre-central gyrus ns ns ns ns 1 28 1 ns
Thalamus ns ns ns ns 2 13,26 2 ns
Lingual gyrus ns ns ns ns ns ns ns
Uncus ns ns 1 2 ns ns 1 ns
Premotor cortex ns ns ns ns 1 13 1 ns
Note. First column: meta-analytical results, second column: results from studies using ODD/CD-only 
samples, third column: results from studies using ODD/CD-mixed and ODD/CD+ADHD samples, last 
column: overall conclusion. Second and third columns: numbers refer to the number of studies showing 
significant results for that structure, superscript numbers refer to the reviewed studies in Table 4.1 (struc-
tural) or Tables 4.2 or 4.3 (functional). For the overall conclusion on involvement of structures in ODD/
CD, four qualifications were used: strong evidence, some evidence, weak evidence, and no evidence. 
Strong evidence: structure was found involved in ODD/CD (1) in both meta-analyses OR (2) either 
one of the meta-analyses AND by half or more of the studies in the narrative review. Some evidence: 
structure was found involved in ODD/CD in either one of the meta-analyses AND by a quarter or more of 
the studies in the narrative review. Weak evidence: structure was not found involved in ODD/CD in either 
one of the meta-analysis, but was found in a quarter or more of the studies in the narrative review. No 
evidence: structure was not found involved in ODD/CD in either one of the meta-analysis, and addition-
ally was found by less than a quarter of the studies in the narrative review.
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Abnormalities reported for the studies including samples of ODD/CD-
mixed and ODD/CD+ADHD versus Controls
Conclusion ODD/CD                    
versus Controls
Structural Functional Structural 
+ Func-
tional
Significant 
Associa-
tions b 
(n = 9,           
all WBA) c,d
Hot
(n varies
7 WBA; 
3 ROI) 
Cool a
(n = 0, 
all WBA)
(n = 11,           
all WBA)
(n = 5)
3 / 4 3,5,8 N/A N/A 3 / 4 N/A Some evidence f
3 6,8,9 6 / 9 16,17,19,21,22,25 N/A 9 / 18 5 / 8 6,7,8,19,25 Strong evidence
3 1,7,10 6 / 8 18,20,21,22,23,25 N/A 9 / 17 1 / 5 10 Strong evidence
2 6,10 2 / 6 21,22 N/A 4 / 15 3 / 6 6,10,21 Some evidence
2 7,10 2 / 7 18,22 N/A 4 / 16 ns / 5 Some evidence
ns 2 / 7 21,22 N/A 2 / 16 ns / 5 Weak evidence
4 5,8,9,10 2 / 7 21,22 N/A 6 / 16 1 / 5 12 Weak evidence
2 7,10 1 / 7 18 N/A 3 / 16 ns / 5 Weak evidence
1 7 3 / 7 21,22,24 N/A 4 / 16 ns / 5 Weak evidence
2 1,3 3 / 6 15,16,20 N/A 5 / 16 1 / 7 16 Weak evidence
2 8,10 2 / 8 21,22 N/A 4 / 17 ns / 7 No evidence
1 10 2 / 7 18,21 N/A 3 / 16 2 / 6 19,21 No evidence
3 4,7,8 1 / 7 21 N/A 4 / 16 ns / 5 No evidence
3 7,8,10 ns / 7 N/A 3 / 16 ns / 5 No evidence
1 15 ns / 7 N/A 1 / 16 ns / 5 No evidence
1 8 1 / 8 22 N/A 2 / 17 ns / 5 No evidence
1 10 ns / 7 N/A 1 / 16 ns / 5 No evidence
ns 1 / 7 21 N/A 1 / 16 ns / 5 No evidence
ns 1 / 7 22 N/A 1 / 16 ns / 5 No evidence
ns ns / 7 N/A 1 / 16 ns / 5 No evidence
ns ns / 7 N/A 1 / 16 ns / 5 No evidence
ADHD = Attention-Deficit/Hyperactivity Disorder; CD = Conduct Disorder; N/A = not applicable; ns = 
not significant; ODD = Oppositional Defiant Disorder; ROI = Region Of Interest; WBA = Whole Brain 
Analysis.
a Four of the five studies pertained to largely overlapping samples
b Two structural, one hot EF and two cool EF studies
c For the studies using ODD/CD-mixed and ODD/CD+ADHD samples, only four of the structural 
   studies investigated total grey matter
d Results are given according to the format ‘number of studies reporting significant findings for this 
   structure / total number of studies reporting on this structure’
e Six structural, five hot EF and two cool EF studies
f  The qualification ‘some evidence’ was given although there were no meta-analytical findings,   
   since a meta-analysis was not possible for total grey matter
g Including caudate, putamen, globus pallidus
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Discussion
We reviewed 29 structural and functional neuroimaging studies into hot and cool 
EF in ODD/CD (with and without ADHD) and performed two meta-analyses on 
subsets of these studies. We hypothesized that, compared with controls, individu-
als with ODD/CD (with and without ADHD) would show both structural and 
functional brain abnormalities in areas related to hot and cool EF. In addition, we 
investigated the specificity of these abnormalities by discussing results separately 
for studies including an ODD/CD-only group and results from studies includ-
ing an ODD/CD-mixed or ODD/CD+ADHD group, using a narrative approach. 
Furthermore, individuals with ODD/CD were compared with individuals with 
ADHD. The results confirmed impairments in structure and function in most of 
the hypothesised hot EF related structures (i.e. amygdala, insula, and anterior 
cingulate), and to a lesser extent results confirmed such impairments in cool EF 
related structures (i.e. dorsolateral prefrontal cortex and its subcortical connec-
tions, including the cerebellum). Impairments were mainly present as reductions 
in volume or reductions in activity of the structures. Some of these abnormalities 
were reported to be specific to ODD/CD when compared with ADHD-only, or 
showed associations with ODD/CD symptom levels.
In terms of hot EF related neuroanatomical correlates, several structures were 
consistently reported to be associated with ODD/CD (with and without ADHD) 
compared with controls (see Table 3 for an overview). This pattern of findings 
emerged irrespective of a structural or functional approach of the study. For two 
areas the combination of the narrative review and meta-analyses of both struc-
tural and functional MRI studies provided strong evidence of abnormalities in 
ODD/CD. These areas were the bilateral amygdala and the right striatum, includ-
ing the caudate, putamen, and globus pallidus. In addition to these two areas, 
some evidence was provided for abnormalities of the bilateral insula in ODD/CD 
groups. For all three areas, the majority of studies reported reductions in volume 
and activity in ODD/CD with and without ADHD groups compared with controls. 
Furthermore, for all three areas abnormalities appeared to be mainly driven by 
studies including ODD/CD-only or ODD/CD-mixed groups, and to a lesser extent 
by studies including ODD/CD+ADHD groups. Hence, it seems that ODD/CD may 
drive these abnormalities, rather than ADHD. For the amygdala, this claim is sup-
ported by strong evidence for the abnormalities to be specific for ODD/CD when 
compared with ADHD-only and by a significant association between abnormali-
ties in the amygdala and ODD/CD symptoms in both ODD/CD-only and ODD/
CD-mixed groups. For the insula there was some evidence for specificity for ODD/
CD compared with ADHD and some evidence for an association with ODD/CD 
symptoms. However, for the right striatum there was neither evidence for specific-
ity for ODD/CD nor for an association between ODD/CD related symptoms. 
The finding of abnormalities in brain areas related to hot EF for ODD/CD is in line 
with the abnormalities observed in ODD/CD in terms of performance on hot EF 
related tasks. The amygdala, striatum, insula, and frontal gyrus are implicated in 
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emotion processing (N. E. Anderson & Kiehl, 2012; Schumann, Bauman, & Am-
aral, 2011), reinforcement processing (Di Martino et al., 2008; Helie, Chakravarthy, 
& Moustafa, 2013; Jessup & O’Doherty, 2011), empathy (Gu et al., 2012; Gu, Hof, 
Friston, & Fan, 2013; Lamm & Singer, 2010), and introspection (Goldberg, Harel, 
& Malach, 2006; Passamonti et al., 2012) in typically developing controls, respec-
tively. There is robust support for abnormalities in emotion processing, altered 
reinforcement sensitivity, deficits in empathy and abnormalities in self-control in 
individuals with ODD/CD (Blair, 2013; Burke et al., 2002; Byrd et al., 2014).
 In terms of cool EF related neuroanatomical correlates, few significant findings 
emerged. Partly, this was due to the limited number of functional neuroimaging 
studies into cool EF in individuals with ODD/CD. Almost all available functional 
studies were performed within the same sample, precluding a meta-analysis of 
these findings and restricting our approach to a narrative review of studies. For 
the left frontal gyrus some evidence for abnormalities in ODD/CD was found. For 
the left precuneus weak evidence was found, however this structure was predomi-
nantly reported in studies using ODD/CD-only groups, suggesting involvement of 
this structure in ODD/CD. Future studies should confirm this claim. Surprisingly, 
there was no evidence for involvement of abnormalities of more typical cool EF 
structures, such as the dorsolateral prefrontal cortex or the cerebellum in ODD/
CD. The lack of robust cerebellum-related results in ODD/CD may be due to 
abnormalities in the cerebellum being more strongly related to comorbid ADHD, 
than to ODD/CD itself. Some support for this interpretation was found, since 
structural and functional abnormalities in the cerebellum were reported mainly in 
studies including ODD/CD+ADHD and ODD/CD-mixed groups, and not so much 
in studies including ODD/CD-only groups.
The absence of a significant relationship between brain areas related to cool EF 
and ODD/CD is in line with the inconsistent findings on tasks assessing cool EF in 
this group. ODD/CD seems to be associated with specific inhibitory-related abnor-
malities (Giedd et al., 2010; Hobson, Scott, & Rubia, 2011; Willoughby, Kupersmidt, 
Voegler-Lee, & Bryant, 2011), rather than with more general cool EF abnormalities. 
This is emphasised by results from studies in other cool EF related domains, such 
as cognitive flexibility and working memory, that showed these domains to be 
intact in ODD/CD and to be associated with comorbid ADHD instead of ODD/
CD (Dawel, O’Kearney, McKone, & Palermo, 2012; Giedd et al., 2010; Hobson et al., 
2011; Prencipe et al., 2011).  
Although we have suggested that abnormalities in ODD/CD are mainly associated 
with hot EF, most of the reported hot EF brain areas are also involved in cool EF 
(see Figure 4.4 for visualisation), implying an integrated model of abnormalities 
in both hot and cool EF, rather than a strict separation between these two. This is 
in line with models that propose abnormalities in both hot and cool EF circuits to 
underlie the behavioural characteristics of ODD/CD, such as the model by Blair 
(2005). The connectivity between the structures we found to be involved in ODD/
CD (amygdala, insula, striatum, medial/frontal gyrus, precuneus) has been exten-
sively studied, and studies show that all these areas appear to be interconnected, 
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albeit each to a different degree, and are found to subserve several different func-
tions. For example, it is well established that the amygdala, as part of the limbic 
system, is critical for hot EF, such as the processing of emotional information. 
Moreover, it also modulates behavioural responses subsequent to emotionally sali-
ent information, with the regulatory process being regarded as a cool EF related 
process (N. E. Anderson & Kiehl, 2012; Schumann et al., 2011). The insula is also 
involved in emotional information processing, and is necessary for empathic pain 
perception and compassion, hence referring to hot EF, but also for the integration 
of emotional and cognitive processes, thus referring to cool EF (Gu et al., 2012; Gu 
et al., 2013; Lamm & Singer, 2010). The striatum, specifically the dorsal part (main-
ly caudate and putamen), is associated with inhibitory functions as well as with re-
inforcement learning, and thus referring to both cool and hot EF related processes, 
respectively (Di Martino et al., 2008; Helie et al., 2013; Jessup & O’Doherty, 2011). 
The medial/superior frontal gyrus is associated with response inhibition and other 
cool EF functions, but also with introspection, which can be seen as a more hot 
EF related process (Goldberg et al., 2006; Passamonti et al., 2012). The precuneus, 
finally, is an area that is involved in reflective, self-related processing and aware-
ness, incorporating both hot and cool EF processes (S. Zhang & Li, 2012). Overall, 
it shows that our findings of abnormalities in the five abovementioned structures 
may lead to impairments that show striking parallels with the behavioural charac-
teristics of individuals with ODD/CD, such as their difficulties in learning socially 
acceptable behaviour, and their tendency to contribute hostile intentions to peers 
in socially ambiguous situations (Blair, 2013; Burke et al., 2002; Byrd et al., 2014). 
This supports an integrated model of hot and cool EF abnormalities in ODD/
CD, for which the model by Blair (2005) is currently the most comprehensive and 
encompasses a full description of both circuits.
Our results regarding abnormalities in brain structure and function in ODD/
CD are in line with models on brain functioning of other externalising disorders 
for which ODD and CD are risk-factors, such as antisocial personality disorder 
(ASPD) or psychopathy (American Psychiatric Association, 2013). ASPD and psy-
chopathy are characterised by symptoms of emotional detachment and impulsive 
behaviour, and the disregard for, or violation of, rights of others. The overlap in 
neurocognitive and behavioural abnormalities between ASPD, psychopathy and 
ODD/CD, suggests that these disorders may share an underlying aetiology. A 
recently proposed neurocognitive model of psychopathy includes the paralimbic 
system as a whole, comprising both the frontal lobe and the temporal lobe (in-
cluding the amygdala). A review on psychopathy reported that most consistently 
implicated areas were the amygdala, anterior and posterior cingulate cortices, 
orbitofrontal cortex and adjacent (para)limbic structures (Yang & Raine, 2009). 
Furthermore, these brain areas are also implicated in ASPD (Blair, 2010; Kiehl, 
2006). Since we found some of these areas to be involved in ODD/CD, a shared 
aetiology with ASPD and psychopathy seems plausible.
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Figure 4.4 Overview of the connectivity of areas involved in ODD/CD described in this 
review, based on connectivity studies in typically developing individuals (see main text). 
Green + arrows indicate excitatory connectivity, red - arrows indicate inhibitory connectiv-
ity, and arrows in both green and red indicate both excitatory and inhibitor connectivity. 
Red boxed areas exhibit mainly hot EF, blue boxed areas exhibit mainly cool EF, and areas 
boxed in both red and blue exhibit a combination of hot and cool EF
Top row: coronal view, bottom row: axial view. L = left, R = Right.
Research Agenda 
The goal of the current review was to aggregate and integrate findings from struc-
tural and functional studies on brain anatomical aspects of ODD/CD, to provide a 
complete overview of brain abnormalities associated with ODD/CD. During this 
process we encountered several issues in the field. Firstly, in our meta-analysis 
of hot EF functional studies, different results were obtained when the analyses 
were conducted with and without inclusion of ROI-based studies, suggesting that 
ROI-based studies may bias conclusions. We therefore restricted our hot EF meta-
analysis to WBA approach-based studies, given their unbiased results. Future 
studies investigating brain abnormalities associated with ODD/CD should not 
only include ROI analyses, but would benefit from reporting (additional) whole 
brain analyses, rendering the results eligible to be included in a meta-analysis. In 
addition, because of the limited amount of studies into cool EF and the overlap 
in subjects in these studies, we were not able to perform a meta-analysis on these 
data; further research is needed in order to be able to draw firm conclusions on 
the possible involvement of cool EF abnormalities in ODD/CD, particularly since 
evidence from behavioural studies into cool EF impairments in ODD/CD is incon-
clusive.
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Secondly, in terms of sample characteristics, an important future direction is to 
study the role of callous-unemotional (CU) traits or psychopathic traits in indi-
viduals with ODD/CD. It has been reported that children with CD and high levels 
of CU traits show greater abnormalities in reward sensitivity, lower responsivity to 
treatment by parenting strategies, and are more resistant to psychosocial interven-
tion than those with CD and few CU traits (Byrd et al., 2014). Another important 
issue in terms of the investigated samples is that most of the studies focussed on 
males, limiting generalization of current findings. This is emphasised by the differ-
ing pathways of brain development in boys and girls (Haney-Caron, Caprihan, & 
Stevens, 2014), and the fact that boys and girls seem to differ in the neural charac-
teristics of ODD/CD (Hyatt, Haney-Caron, & Stevens, 2012). For example, when 
comparing male and female samples with ODD/CD-mixed, gender differences 
emerged for the insula (Fairchild, Hagan, et al., 2013). Moreover, since substan-
tial developmental changes take place during the transition from childhood to 
adulthood (Giedd et al., 2009), studies should take developmental patterns into 
account. This can be achieved by adhering to smaller age ranges when including 
participants, but also by matching on age or using large samples that allow devel-
opmental patterns to be studied. In the majority of the included studies, partici-
pant ages ranged between 10 and 17 years, which cover a substantial time of brain 
development. Furthermore, since ODD and CD are childhood disorders and are 
referred to as APD when persisting into adulthood, our findings may not be gener-
alizable to older individuals.
 
Thirdly, at a statistical level, future studies should be more consistent in statistical 
corrections and thresholding. A significant proportion of the studies did not cor-
rect for multiple comparisons or Type 1 errors, nor applied cluster thresholding. Of 
these, most studies using a WBA approach did report Family Wise Error or False 
Discovery Rate corrected results, except for three structural and four functional 
studies (Bussing, Grudnik, Mason, Wasiak, & Leonard, 2002; Fairchild, Hagan, 
et al., 2013; Kruesi, Casanova, Mannheim, & Johnson-Bilder, 2004; Marsh et al., 
2013; Passamonti et al., 2010; White et al., 2014; White et al., 2013). However, most 
of these studies did set a minimum number of >10 contiguous voxels and lowered 
the statistical threshold to p < .005 (Marsh et al., 2013; White et al., 2014; White et 
al., 2013) or p < .001 (Fairchild, Hagan, et al., 2013; Passamonti et al., 2012), leaving 
only two studies that reported at an uncorrected statistical threshold of p < .05. 
This implies that the results of both the meta-analyses and narrative reviews are 
in general reliable, but should be interpreted with some caution, since especially 
in WBA-based studies, these statistical methods are of importance (Chumbley & 
Friston, 2009; Chumbley, Worsley, Flandin, & Friston, 2010; Nichols & Hayasaka, 
2003).
 
Fourthly, future studies should look at other imaging techniques, such as DTI, to 
improve our knowledge on structural and functional brain abnormalities associ-
ated with ODD/CD. Up to date, eight studies have used DTI to study abnormali-
ties in pathways in ODD/CD. Although there is relatively consistent evidence for 
involvement of the uncinate fasciculus (Finger et al., 2012; Haney-Caron et al., 
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2014; Passamonti et al., 2012; Sarkar et al., 2013; Wang et al., 2012; J. Zhang, Gao, et 
al., 2014), studies largely differed in terms of the white matter structures implicat-
ed in ODD/CD. Furthermore, while some studies report heightened DTI measures 
in ODD/CD (Passamonti et al., 2012; Sarkar et al., 2013; J. Zhang, Gao, et al., 2014; 
J. Zhang, Zhu, et al., 2014), other studies report lowered DTI measures in ODD/CD 
(Haney-Caron et al., 2014; Wang et al., 2012), or no differences at all (Finger et al., 
2012). In addition to integrating findings of DTI studies, future studies could look 
at other imaging techniques, such as resting-state fMRI and combined sMRI-fMRI 
studies. 
Finally, to advance our understanding of ODD and CD and the specificity of neural 
abnormalities future studies should assess well-defined and sufficiently sized sam-
ples. For example, the ideal study should at least compare ODD/CD-only, ADHD-
only, comorbid ODD/CD+ADHD, and typically developing control groups with 
sufficient sample size, to investigate the possible confounding effect of comorbid 
ADHD. Furthermore, since there appears to be a difference in underlying mecha-
nisms for childhood-onset and adolescent-limited ODD/CD (Moffitt, 1993), future 
studies should differentiate between these types of ODD/CD. Moreover, studies 
should include separate groups of individuals with pure ODD and pure CD, to in-
vestigate whether these disorders are indeed two ends of a spectrum or rather two 
separate disorders, since this is not completely evident from studies performed so 
far (Matthys et al., 2013; Rowe et al., 2010). A strict separation of the two disorders 
was not possible at the time of the current review, given that until the release of 
the DSM-5, a diagnosis of ODD was precluded when CD was present. Therefore 
most studies into CD did not investigate or report on ODD, possibly limiting the 
generalization of our findings to ODD-only and CD-only samples. In terms of 
ADHD comorbidity, most studies that reported on ODD/CD did not investigate 
(or report on) possible comorbidity with ADHD, hence, studies investigating 
ODD/CD-only samples are sparse. For this reason, we could not perform a meta-
analysis on studies that compared groups with ODD/CD-only to groups with 
ADHD-only. Also, it would be of great interest to investigate whether ADHD co-
morbidity adds abnormalities associated with ADHD to those already present due 
to ODD/CD, or that ODD/CD with comorbid ADHD is a genuinely separate dis-
order. Furthermore, in the current review we did not examine the impact of other 
common comorbidities such as anxiety or depression. This is especially important 
because these comorbidities are associated with abnormalities in some of the 
same brain areas that appear to be implicated in ODD/CD (Sterzer et al., 2005). 
Especially the amygdala is related to both anxiety and depressive disorder, albeit 
in an opposite direction, showing higher volumes, instead of the lower volumes, to 
be associated with ODD/CD (Machado-de-Sousa et al., 2014; Young et al., 2014). 
Furthermore, not all studies investigated (or reported on) (past) medication use, 
even though in almost all studies, MRI scanning was done in individuals free of 
medication at the time of testing (Rubia et al., 2013). Current and past mediation 
use should be incorporated in future studies, since this may have long-term effects 
on brain structure and function (Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013; 
Rubia, Alegria, & Brinson, 2014).
4
130  |
4
Conclusion
We reviewed 29 studies on structural and functional neuroimaging in samples 
with ODD/CD with and without comorbid ADHD, and performed meta-analyses 
on a subset of eight structural studies and nine hot EF functional studies. De-
spite some limitations and heterogeneity amongst studies, results indicated that 
individuals with ODD/CD primarily show abnormalities in the bilateral amygdala, 
bilateral insula, right striatum and left medial/superior frontal gyrus as well as 
the left precuneus. Evidence of involvement of these areas was present in both 
structural and functional studies, and irrespective of whether the study included 
individuals with ODD/CD-only or with ODD/CD with comorbid ADHD. Our 
results show strong evidence of specificity for abnormalities in the amygdala for 
ODD/CD as compared with ADHD, and correlational studies further support the 
association between abnormalities in the amygdala and ODD/CD symptoms. Be-
sides the left precuneus that was revealed by the narrative review of cool EF, there 
was no evidence for abnormalities in typical cool EF related structures, such as the 
cerebellum and dorsolateral prefrontal cortex. Our findings confirm the involve-
ment of hot, and to a smaller extent cool EF associated brain areas in ODD/CD, 
and support an integrated model of both hot and cool deficits for ODD/CD (e.g. 
Blair, 2005). The areas found associated with ODD/CD are involved in emotion-
processing, error monitoring, self-control, and empathic and social behaviour. It is 
precisely these functions that are impaired in children and adolescents with ODD/
CD, and that result in difficulties learning socially accepted behaviours and reac-
tions, attributing hostile intentions to others, and preferring aggressive solutions 
to social dilemmas.
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Structural brain abnormalities of 
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ABSTRACT
Background.Attention-deficit/hyperactivity disorder (ADHD) is associated 
with structural abnormalities in total gray matter, basal ganglia, and cerebellum. 
Findings of structural abnormalities in frontal and temporal lobes, amygdala, 
and insula are less consistent. Remarkably, the impact of comorbid oppositional 
defiant disorder (ODD) (comorbidity rates up to 60%) on these neuroanatomical 
differences is scarcely studied, while ODD (in combination with conduct disorder) 
has been associated with structural abnormalities of the frontal lobe, amygdala, 
and insula. The aim of this study was to investigate the effect of comorbid ODD on 
cerebral volume and cortical thickness in ADHD.
Method.Three groups, 16 ± 3.5 years of age (mean ± SD; range 7–29 years), were 
studied on volumetric and cortical thickness characteristics using structural 
magnetic resonance imaging (surface-based morphometry): ADHD+ODD (n = 
67), ADHD-only (n = 243), and control subjects (n = 233). Analyses included the 
moderators age, gender, IQ, and scan site.
Results.ADHD+ODD and ADHD-only showed volumetric reductions in total 
gray matter and (mainly) frontal brain areas. Stepwise volumetric reductions 
(ADHD+ODD < ADHD-only < control subjects) were found for mainly frontal 
regions, and ADHD+ODD was uniquely associated with reductions in several 
structures (e.g., the precuneus). In general, findings remained significant after ac-
counting for ADHD symptom severity. There were no group differences in cortical 
thickness. Exploratory voxelwise analyses showed no group differences.
Conclusion.
ADHD+ODD and ADHD-only were associated with volumetric reductions in 
brain areas crucial for attention, (working) memory, and decision-making. Volu-
metric reductions of frontal lobes were largest in the ADHD+ODD group, possibly 
underlying observed larger impairments in neurocognitive functions. Previously 
reported striatal abnormalities in ADHD may be caused by comorbid conduct 
disorder rather than ODD.
Keywords: ADHD, Comorbidity, Cortical thickness, ODD, SBM, Structural MRI
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common 
childhood psychiatric disorders and is defined by developmentally inappropriate 
levels of inattention, and/or hyperactivity-impulsivity (American Psychiatric As-
sociation, 2013). Neuroanatomical findings most consistently reported for ADHD 
are reduced total gray matter volume and reduced volume of the basal ganglia and 
the cerebellum. For the latter, cortical thickness abnormalities are also associated 
with ADHD. Additionally, volumetric reductions and reduced cortical thickness 
of the frontal and temporal lobes have been reported, although less consistently 
(see for reviews; Faraone et al., 2015; Rubia, Alegria, & Brinson, 2014). Finally, some 
studies reported volumetric abnormalities in the amygdala and insula to be related 
to ADHD, but especially for the amygdala findings are very inconsistent (Frodl et 
al., 2010; Lopez-Larson, King, Terry, McGlade, & Yurgelun-Todd, 2012; Maier et al., 
2015; Perlov et al., 2008; Plessen et al., 2006; Villemonteix, De Brito, Kavec, et al., 
2015).
A potential explanation for the inconsistent neuroanatomical findings may be the 
presence of comorbid disorders in the studied ADHD samples, such as opposition-
al defiant disorder (ODD). ODD is present in up to 60% of clinically referred chil-
dren with ADHD (Burke, Loeber, & Birmaher, 2002; Connor & Doerfler, 2008; Loe-
ber, Burke, Lahey, Winters, & Zera, 2000), and is defined by a persistent pattern 
of irritable and angry mood, vindictiveness and developmentally inappropriate, 
negativistic, defiant, and disobedient behaviour toward authority figures (Ameri-
can Psychiatric Association, 2013). Compared with individuals with only ADHD or 
ODD, individuals with ADHD+ODD show an earlier age of onset for both ADHD 
and ODD symptoms, exhibit more physical aggression and delinquency, show 
more functional impairments such as poorer working memory, inhibition, tempo-
ral processing, and emotion recognition, and have a considerably worse prognosis 
(Anderson & Kiehl, 2012; Biederman et al., 2008; Loeber et al., 2000). 
Surprisingly, the majority of studies on neuroanatomical correlates of ADHD did 
not investigate or report on the presence of comorbidities such as ODD, resulting 
in relatively few studies investigating ADHD-only samples. The few studies in 
ADHD-only samples were less likely to find volumetric abnormalities in the 
frontal cortex than studies that included comorbid individuals (for an overview 
see Stevens & Haney-Caron, 2012). They also showed that accounting for the 
presence of comorbid ODD significantly influenced findings, with either larger 
abnormalities in individuals with ADHD+ODD (McAlonan et al., 2007), or more 
abnormalities associated with ADHD after controlling for comorbid ODD (Sasay-
ama et al., 2010). Furthermore, studies assessing ADHD-only groups showed no 
volumetric abnormalities in the amygdala (Perlov et al., 2008; Plessen et al., 2006; 
Villemonteix, De Brito, Kavec, et al., 2015), and abnormalities in the insula were 
accounted for by comorbid ODD (Lopez-Larson et al., 2012). For cortical thick-
ness, an influential study showed a delay in cortical development for individuals 
with ADHD, but of that sample 35% of the individuals had a comorbid diagnosis 
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of ODD (Faraone et al., 2015; Shaw et al., 2007). Thus, previous findings may not 
purely reflect neuroanatomical characteristics of ADHD, but may be confounded 
by comorbid ODD.
An alternative explanation for the inconsistent neuroanatomical findings for 
ADHD could be the age of included participants. According to the maturational 
delay hypothesis (Shaw et al., 2007), individuals with ADHD show a maturational 
lag in brain development compared with typically developing individuals. Accord-
ing to this theory, the maturational lag is most prominent in prefrontal regions 
and has been reported to correspond with a three year delay, with typically devel-
oping individuals attaining their peak cortical thickness at the age of 7.5 years and 
individuals with ADHD at the age of 10.5 years (Shaw et al., 2007). Additionally, 
it has been reported that structural abnormalities in the basal ganglia normalize 
with age (Rubia et al., 2014; Villemonteix, De Brito, Slama, et al., 2015). However, 
in contrast with the maturational delay hypothesis, structural abnormalities in the 
anterior cingulate cortex seem to persist into adulthood (Nakao, Radua, Rubia, 
& Mataix-Cols, 2011; Rubia et al., 2014). Hence, studying the impact of comorbid 
ODD and age is pivotal to understanding the heterogeneity in findings.
 
So far, no studies on neuroanatomical correlates exclusively focused on individuals 
with ODD-only or on ADHD with comorbid ODD (ADHD+ODD). Rather, studies 
included mixed samples of children with ADHD with and without comorbid ODD, 
or included children with both (comorbid) ODD and conduct disorder (CD; a re-
lated disorder for which ODD is often a precursor) (Noordermeer, Luman, & Oost-
erlaan, 2016). The studies that focused on volumetric characteristics of individuals 
with ODD/CD with and without comorbid ADHD consistently reported reduced 
volumes of the amygdala, insula and frontal lobe (see for review; Noordermeer et 
al., 2016). Furthermore, it has been reported that CD is associated with volumetric 
abnormalities in frontal areas, while this association seemed relatively weak for 
ADHD-only (Stevens & Haney-Caron, 2012). In terms of cortical thickness, one 
study investigated an ODD/CD sample and reported a decreased overall mean 
cortical thickness and thinning of the cingulate, prefrontal and insular cortices 
(Fahim et al., 2011).
 
To summarize, while neuroanatomical abnormalities in ADHD-only appear to be 
most strongly related to the frontal regions, ADHD+ODD appears associated with 
abnormalities in the frontal regions, amygdala, and insula. The overlap in affected 
brain areas may explain inconsistencies in reported abnormalities for frontal areas 
in ADHD, as these may be driven (partly) by the presence of comorbid ODD or 
by a combined effect of both disorders. So far, the literature does not answer the 
question on whether previously reported abnormalities in ADHD reflect neu-
roanatomical characteristics of ADHD or rather of comorbid ODD. Therefore, a 
comparison between individuals with ADHD+ODD and individuals with ADHD-
only would be highly informative in terms of specificity of findings for ADHD. 
This may also clarify whether previously reported structural abnormalities in the 
amygdala and insula were driven by comorbid ODD.
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The current study aimed to disentangle brain abnormalities associated with 
ADHD versus ADHD+ODD by comparing these diagnostic groups to typically 
developing peers across a broad age range from childhood to late adolescence. 
We studied the impact of age on in order to test whether individuals with ADHD 
showed a maturational delay in neuroanatomical development. To meet these 
aims, neuroanatomical volumes and cortical thickness were compared between 
a large sample of individuals with ADHD without ODD (ADHD-only), individu-
als with ADHD and ODD (ADHD+ODD), and typically developing controls. We 
hypothesized that (a) abnormalities in the basal ganglia and cerebellum would be 
strongly associated with ADHD and therefore present in both diagnostic groups; 
(b) abnormalities in the amygdala and the insula would be driven by ODD rather 
than by ADHD and hence would be predominantly present in the ADHD+ODD 
group rather than the ADHD-only group. Furthermore, we speculated that (c) 
abnormalities in the frontal lobes would be more pronounced in the ADHD+ODD 
group than in the ADHD-only group, but present in both, since previous studies 
have implicated the frontal lobe in both ADHD and ODD.
METHODS
Participants
Participants were selected from the NeuroIMAGE cohort (for a full description 
see S5.1 and Von Rhein et al., 2015). Inclusion criteria for the current study were: 
European Caucasian descent, IQ≥80 (as estimated with the Vocabulary and Block 
Design subtests of an age-appropriate Wechsler-test (3rd edition), no diagno-
sis of autism/Asperger’s/anxiety disorder/depression/epilepsy/general learning 
difficulties/brain disorders/known genetic disorders (e.g. Fragile X syndrome, 
Down syndrome). Controls were not allowed to have a past or current diagnosis 
of ADHD, ODD, or any other psychiatric disorder. A total of 1069 participants 
contributed data to NeuroIMAGE: 751 participants from ADHD-families (partici-
pants in the ADHD-only or ADHD+ODD group and their biological siblings) and 
318 participants from control-families (participants in the control group and their 
biological siblings(Von Rhein et al., 2015). For the current study only individuals 
with a current ADHD diagnosis, with (n=67) and without comorbid ODD (n=243) 
and typically developing individuals (n=233), were included. Not all participants in 
the NeuroIMAGE study underwent a magnetic resonance imaging (MRI) scanning 
session due to contraindications for MRI.
Diagnostic Assessment
A full description is provided in previous work (see S5.1 and Noordermeer et al., 
2015). In short, participants were diagnosed with ADHD or ODD according to 
DSM-IV criteria. Individuals in the ADHD+ODD group qualified for a diagnosis of 
both ADHD diagnosis and ODD, while individuals in the ADHD-only group only 
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qualified for a diagnosis of ADHD. A diagnostic algorithm was applied to create a 
combined symptom count from the questionnaires and interview.
MRI acquisition and analysis
MRI data were acquired at 1.5 Tesla on a Siemens Sonata scanner (Amsterdam) 
and on a Siemens Avanto scanner (Nijmegen). Both sites used a standard identical 
8-channel phased array coil and closely matched scanparameters (S5.1). 
Cortical reconstruction and volumetric segmentation were performed with Free-
Surfer software version 5.3 with default settings (http://surfer.nmr.mgh.harvard.
edu/), see S1 for the investigated areas and quality assurance procedures. Free-
Surfer is an image processing pipeline including a volume-based route to subcor-
tical segmentation (Fischl et al., 2004), and a surface-based route to create a 3D 
reconstruction and parcellation of the cortical sheet (Dale, Fischl, & Sereno, 1999; 
Desikan et al., 2006). From FreeSurfer parcellations and segmentations (Desikan 
et al., 2006), we calculated total gray matter volume, total cortical matter volume 
and cortical and subcortical volumes, as well as bilateral volumes for each brain 
region. In addition, FreeSurfer was used to calculate cortical thickness measures. 
Regions were based on the Desikan-Killiany atlas (Desikan et al., 2006), and an 
overview of investigated areas can be found in Supplement 5.1.
Procedure
The current study was part of a comprehensive assessment protocol encompass-
ing phenotypic, neurocognitive, and MRI assessments (Von Rhein et al., 2015), see 
S5.1 for details. Informed consent was signed by all participants (for participants 
<12 years only parents signed informed consent, for participants 12-18 years old 
both the participants and their parents signed, for participants >18 years only the 
participants signed). The study was approved by the local ethics committees.
Statistical analyses
Groups were compared on demographic characteristics using analysis of variance 
(ANOVA) or chi-square tests. All analyses that tested group differences in neu-
roanatomical characteristics were performed using SPSS Mixed Models (version 
21.0). Mixed model analyses were performed with a random intercept, with an 
exchangeable structure for family, to account for the hierarchical structure due to 
family relations (siblings with ADHD in the diagnostics group or siblings without 
ADHD in the control group) in the data. Group differences were examined as a 
fixed effect. To correct for multiple testing, False-Discovery Rate (FDR)-corrected 
results were reported (maximum acceptable FDR of 5%), based on the sequential 
Benjamini-Hochberg FDR-correction algorithm (Benjamini & Hochberg, 1995). 
When an overall significant main effect of group was found, post-hoc pairwise 
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group comparisons (LSD) were assessed.
Linear interaction effects between group and possible moderator variables (age 
[linear/nonlinear], gender, IQ, medication use, scan-site) were assessed. When 
a significant interaction effect was present, the main effect of the moderator and 
interaction effect between group and moderator were added to the model. In that 
case, interactions were plotted to clarify the direction of the interaction. When the 
interaction term was not significant, but only a main effect was found, the variable 
was included in the model as a covariate. 
5
Table 5.1. Group characteristics
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 67) (n = 243) (n = 233)
M SD M SD M SD  
Age (years) 16.3 3.2 17.0 3.5 16.6 3.6 ns
     range (years) 8 - 22  7 - 25  7 - 29  
IQ 98.0 11.2 96.9 16.1 105.9 13.9 ADHD+ODD < TDC ***
ADHD-only <  TDC ***
ADHD+ODD = ADHD-only
Gender 
(% Male)
66 68 55 ADHD+ODD > TDC * 
ADHD-only >  TDC *** 
ADHD+ODD = ADHD-only
Scan site 
(% Amsterdam)
42 42 64 ADHD+ODD < TDC ** 
ADHD-only <  TDC *** 
ADHD+ODD = ADHD-only
Medication usea 
(mg)
58373 49668 61848 57795 - - ns
ADHD total 
symptomsb
14.3 2.5 12.9 3.0 1.3 2.4 ADHD+ODD > ADHD-only***
ADHD+ODD > TDC *** 
ADHD-only > TDC ***
Hyperactive 
symptomsb
6.6 2.1 5.8 2.4 0.5 1.2 ADHD+ODD > ADHD-only *
ADHD+ODD >  TDC ***
ADHD-only > TDC ***
Inattentive 
symptomsb
7.8 1.2 7.1 1.8 0.8 1.6 ADHD+ODD > ADHD-only ***
ADHD+ODD > TDC ***
ADHD-only > TDC ***
ODD  
symptomsc
5.1 1.2 1.0 1.8 0.0 0.5 ADHD+ODD > ADHD-only***
ADHD+ODD > TDC  ***
ADHD-only > TDC ***
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; mg = milligram; ns = not significant; ODD = 
Oppositional Defiant Disorder; TDC = Typically Developing Controls.
a  Cumulative stimulation medication intake, calculated by multiplying treatment duration and mean 
  daily dose, corrected for age (see Schweren et al. 2015)
b As measured using the combination of K-SADS-PL and Conners’ scales Total, Inattentive, Hyper-
   active/Impulsive
c As measured using the combination of K-SADS-PL and Conners’ scale Oppositional
* p < .05, ** p < .01, *** p < .001 
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RESULTS
A total of 542 participants took part in this study: 67 participants with 
ADHD+ODD, 243 participants with ADHD-only, and 233 typically developing 
controls. Mean age was 16 years (SD = 3.5, range 7-29), and individuals from the 
three groups where similarly spread out across the age range. Table 5.1 shows fur-
ther group characteristics. The diagnostic groups did not differ from the typically 
developing group in age (p > .225, both diagnostic groups), but did differ in IQ (p < 
.001, both diagnostic groups; higher IQ in control group), and gender 
(p < .001 for ADHD-only, p = .026 for ADHD+ODD; more females in control 
group). Furthermore, the diagnostic groups showed higher levels of total ADHD, 
hyperactive and inattentive symptoms, and ODD symptoms, compared with 
the control group (p < .001 for both diagnostic groups; less symptoms in control 
group). The ADHD+ODD and ADHD-only groups did not differ from each other 
in IQ (p = .532) or gender (p = .803). However, compared with the ADHD-only 
group, the ADHD+ODD group showed a higher level of ODD symptoms (p < .001), 
as well as a higher level of total (p < .001), hyperactive (p = .021), and inattentive (p 
< .001) ADHD symptoms. Given these differences in ADHD symptom count be-
tween diagnostic groups, sensitivity-analyses were performed for those regions for 
which group differences were observed between the diagnostic groups. For these 
analyses, total ADHD symptom count was entered as covariate. 
 
We found no significant interactions between group and gender, IQ, medica-
tion use, or scan-site. However, age (linear only), gender, IQ, and scansite, added 
significantly to the model for the majority of the structures. Therefore, these vari-
ables were included as covariates in all models. For the volumetric analyses total 
intracranial volume was added as additional covariate. Results for the main group 
comparisons are shown in Supplemental Table S5.1 (volume) and S5.2 (cortical 
thickness), including the post-hoc comparisons after FDR-correction. Table 5.2 
shows the results of the sensitivity analyses (accounting for ADHD symptom se-
verity) for the diagnostic groups that survived FDR-correction.
Group effects
Total cortical, gray matter, and subcortical gray matter volume. For total cortical 
volume (pFDR-corrected = .001) and total gray matter volume (pFDR-corrected = .001), both 
diagnostic groups showed reduced volumes compared with the control group, but 
did not differ from each other (p = .103 and p = .126, respectively). For total subcor-
tical gray matter volume there were no group differences.
Cortical volumes. There were several main group effects (Table 5.2, Figures 5.1-
5.3). Post-hoc analysis showed areas for which one or both of the diagnostic groups 
differed from controls, and areas for which the diagnostic groups also differed 
from each other. Structures that showed volumetric reductions in both diagnostic 
groups compared with the control group included the lateral orbitofrontal (left 
pFDR-corrected <.001; right pFDR-corrected = < .001), isthmus (left pFDR-corrected = .006;
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right pFDR-corrected < .001), inferior parietal gyrus (left pFDR-corrected < .001; 
right pFDR-corrected = .015), caudal middle frontal (left pFDR-corrected = .002;
right pFDR-corrected = .002), right parahippocampal gyrus (pFDR-corrected < .001), 
right medial orbitofrontal gyrus (pFDR-corrected < .001), right superior frontal gyrus 
(pFDR-corrected = .002), left precentral gyrus (pFDR-corrected = .004), right rostral middle 
frontal gyrus (pFDR-corrected = .005), and left lateral occipital gyrus 
(pFDR-corrected = .005). 
 
Figure 5.1. Overall volumetric group differences between the three groups, based on whole 
brain voxel-wise analyses. Lateral (top) and sagittal (bottom) view of the left (left) and right 
(right) hemispheres. Colored areas indicate clusters exhibiting overall group differences 
in cortical volume for all three groups (controls, ADHD-only, ADHD+ODD). Results are 
uncorrected for multiple comparisons (p < .0001). Yellow indicates the center of gravity for 
the clusters. Dark gray indicates sulci; light gray indicates gyri.
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Several of the structures showed a stepwise significant reduction in volume, with 
the largest volumetric reduction in the ADHD+ODD group, followed by the 
ADHD-only group, compared with the control group. These structures were the 
lateral orbitofrontal, right medial orbitofrontal, right superior frontal, right caudal 
middle frontal, and left inferior parietal gyrus (Figure 5.1). Finally, there were five 
areas showing a disorder-specific volumetric reduction compared with controls 
(Figure 5.2). For the left rostral middle frontal (pFDR-corrected = .002), left medial or-
bitofrontal (pFDR-corrected = .004), right precuneus (pFDR-corrected = .005), and left 
pars triangularis (pFDR-corrected = .007), the ADHD+ODD group showed a reduced 
volume compared with both the control group and the ADHD-only group (that 
did not differ from each other; p = .311, p = .566, p = .087, p = .332, respectively). 
For the left middle temporal gyrus (pFDR-corrected = .010), the ADHD+ODD group 
showed a reduced volume compared with the control group, but not compared 
with the ADHD-only group (p = .050). The control group and ADHD-only group 
did not differ (p = .104).
Results of post-hoc exploratory whole-brain-voxel-wise group comparisons showed 
no clusters surviving voxel-wise multiple comparisons FDR-correction. Uncor-
rected (p <.0001) voxel-wise results largely overlapped with the findings using an 
ROI approach (Figure 5.1, Supplemental Figures S5.1-S5.3). 
Subcortical volumes. There were no main group effects for any of the subcortical 
structures. 
Cortical thickness. There were no main group effects for cortical thickness of any 
of the structures (Supplemental Table S5.2).
 
Effects of group by age. We found no significant linear or quadratic interactions 
between group and age for any of the volumes or for cortical thickness surviving 
FDR-correction. Thus, the interactions were not included in the models. 
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Sensitivity Analysis Diagnostic Groups
 
For all 11 structures that showed differences between the diagnostic groups 
(Table 5.2), the analyses were rerun for the diagnostic groups while accounting 
for total number of ADHD symptoms. For five of the six structures, the finding of 
stepwise greater volumetric reductions in the ADHD+ODD group compared with 
the ADHD-only group remained significant: right medial orbitofrontal 
pFDR-corrected = .011, left inferior parietal gyrus pFDR-corrected = .013, right lateral orbito-
frontal pFDR-corrected = .019, left lateral orbitofrontal pFDR-corrected = .023, and right 
superior frontal pFDR-corrected = .037. Finally, for all four structures, the ADHD+ODD-
specific reduction remained significant: left rostral middle frontal 
pFDR-corrected = .006, left medial orbitofrontal pFDR-corrected = .008, left pars triangularis 
pFDR-corrected = .012, and right precuneus pFDR-corrected = .033. The disorder-specific re-
duction in the left middle temporal gyrus for the ADHD+ODD compared with the 
control group, became also significant between the ADHD+ODD and ADHD-only 
group (p = .044).
DISCUSSION
We found several structures that showed volumetric abnormalities in the 
ADHD+ODD and/or ADHD-only group compared with typically developing 
controls. Frontal regions showed the hypothesized linear decrease in volume 
(ADHD+ODD<ADHD-only<controls). Unlike others (Mohamed, Borger, Geuze, 
& van der Meere, 2015), we found no lateralization for the volumetric abnor-
malities. After accounting for ADHD symptom severity, most of the linear volu-
metric reductions and all of the disorder-specific volumetric reductions for the 
ADHD+ODD group persisted. We found no cortical thickness abnormalities. 
Finally there were no interactions between group and age for our outcome meas-
ures. 
Our results show that abnormalities in frontal regions are most strongly pro-
nounced in the ADHD+ODD group compared with the ADHD-only group, in line 
with our hypothesis. For the left pars triangularis, left medial orbitofrontal, and 
left rostral middle frontal gyri, ADHD+ODD group-specific volumetric abnor-
malities were present. Additionally, for the lateral orbitofrontal, right medial 
orbitofrontal, right caudal middle frontal, and right superior frontal gyrus, a linear 
volumetric decrease was present, with the largest reductions in the ADHD+ODD 
group, followed by the ADHD-only group. Most group differences remained 
present after controlling for ADHD symptom severity, suggesting that these 
larger abnormalities are driven by both ADHD and ODD and result in a ‘double 
burden’. This finding is in line with neurocognitive findings of impairments in 
inhibitory control, attention, decision making, and working memory, all func-
tions that are heavily dependent on integrity of the (superior) frontal cortex, for 
both individuals with ADHD and individuals with ODD, and the observation 
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 that these neurocognitive impairments are worse in the comorbid group (Burke 
et al., 2002; Faraone et al., 2015; Vaidya, 2012). Consistent with these findings, we 
found a similar linear decrease in volume of the left inferior parietal gyrus over the 
groups, that also remained present when controlling for ADHD severity. Thus, in 
line with the literature showing a neurocognitive ‘double burden’ for individuals 
with ADHD+ODD, this group also shows greater reductions in neuroanatomical 
volumes than individuals with ADHD-only. 
 
The results also showed structural abnormalities in brain regions for which we had 
no specific hypotheses. Similar volumetric reductions in both diagnostic groups 
were present for global measures of total gray matter and total cortical volume. 
Additionally, areas with similar volumetric reductions included the isthmus of 
the cingulate gyrus, right parahippocampal gyrus, right inferior parietal gyrus, 
left lateral occipital gyrus and the left precentral gyrus. These findings are in line 
with previous studies showing widespread structural abnormalities in ADHD with 
and without comorbid ODD (Faraone et al., 2015; Nakao et al., 2011; Rubia et al., 
2014). These areas are, among others, associated with neurocognitive impairments 
frequently observed in individuals with ADHD and ODD such as social learning, 
spatial working memory, reward processing, and motor-functioning (Aminoff, 
Kveraga, & Bar, 2013; Burke et al., 2002; Bush, Luu, & Posner; Faraone et al., 2015; 
Vaidya, 2012). 
Disorder-specific abnormalities for the ADHD+ODD group were observed in the 
right precuneus, a structure that is, among others, associated with self-reflection 
processing, awareness and feelings of guilt (Farrow et al., 2001; Matthys et al., 
2012), and left middle temporal gyrus, a structure that is, among others, associ-
ated with empathic processing (Farrow et al., 2001). Abnormalities of the precu-
neus have been related to ODD/CD in a recent meta-analysis (Noordermeer et al., 
2016), and are in line with both observed neurocognitive impairments associated 
with ODD and with theoretical models on ODD that suggest that impairments in 
social skills, such as failure to exhibit socially relevant behaviors and lack of guilt, 
are key features of the disorder (Bastin, Harrison, Davey, Moll, & Whittle, 2016; 
Matthys, Vanderschuren, Schutter, & Lochman, 2012; Zhang & Li, 2012). The left 
middle temporal gyrus is, among others, involved in empathic processing and 
has been linked to antisocial personality disorder and psychopathy, disorders that 
are related to ODD, and show similar behavioral problems in terms of a lack of 
adequate empathic responses (Burke et al., 2002; Gregory et al., 2012).
 
There was no evidence that volumetric abnormalities in the basal ganglia or 
cerebellum were specific for ADHD, unlike hypothesized, since these were not pre-
sent. Likewise, we found no evidence for cortical thickness abnormalities in either 
of the diagnostic groups, in contrast with previous studies (Shaw et al., 2007). The 
absence of these abnormalities may be related to the mean age of our sample (16 
years) which is relatively old compared with other studies (Greven et al., 2015). Es-
pecially for cortical thickness, the abnormalities seem to normalize with age (Shaw 
et al., 2006; Shaw et al., 2009). For the basal ganglia specifically, our sample with 
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ADHD may have outgrown their deficits, as suggested in an extensive review that 
reported that adults with ADHD no longer show those abnormalities (Hoogman et 
al., 2017; Rubia et al., 2014). 
Our second hypothesis, that abnormalities in the amygdala and the insula 
would be driven by ODD rather than by ADHD was not confirmed. A possible 
explanation is that previously reported abnormalities in amygdala and insula 
in ADHD+ODD groups are driven by the presence of comorbid CD, a comorbid 
condition which was absent in our sample. This suggestion is supported by the fact 
that in previous studies that showed an association between abnormalities in the 
amygdala and the insula and ODD/CD, only mixed samples of individuals with 
ODD and/or CD, rather than individuals with ODD-only, were assessed (Fairchild 
et al., 2011; Stevens & Haney-Caron, 2012). Thus, since ODD has frequently been 
reported as a milder form of CD, and possibly acts as a precursor for CD, it may be 
possible that these striatal structures may not be affected in ODD (Loeber, Burke, 
& Pardini, 2009).
We found no support for the maturational delay hypothesis in terms of volume 
or cortical thickness. Although our sample was on average relatively old com-
pared with earlier studies on brain development in ADHD, the age range was 
large enough to be able to detect possible developmental differences. Since the 
maturational delay seems most prominent in late childhood (7-13 years) and our 
sample ranged up to 29 years, a small effect of age may have been missed. There-
fore, we re-analyzed our data in an age-restricted subsample (7-13 years), with 
similar results (data available with first author). It needs to be acknowledged that 
the cross-sectional design of our study limits the interpretability of the develop-
mental results, and a longitudinal design would be required to specifically test the 
maturational delay hypothesis. Nevertheless, our findings are based on a large, 
well-defined sample following strict inclusion criteria, and are in line with a recent 
longitudinal study including a large sample of children with ADHD (Ambrosino, 
Submitted). This suggests that maybe the maturational delay hypothesis holds 
true for a specific subset of individuals with ADHD, but not all.
  
Our study has some important strengths, such as the large sample and well-
defined groups, but there are also some limitations. Firstly, it would have been 
valuable to also have an ODD-only group, to investigate whether the stronger 
abnormalities in the comorbid group are indeed related to ODD, or rather to an 
interaction between ADHD and ODD. Secondly, even though we statistically 
controlled for effects of age, gender, and IQ, this is not the same as investigat-
ing matched groups. It is therefore possible that we missed small effects of subtle 
neuroanatomical abnormalities. Thirdly, most previous studies in ADHD used 
voxel-based morphometry (VBM) approaches, while the current study used a 
surface-based morphometry (SBM) approach. This was preferred because SBM 
has been shown to be most robust across different scanners (Clarkson et al., 2011). 
Although SBM and VBM are different approaches, results in terms of cortical 
volume from both approaches are highly correlated (Fergusson, Swain-Campbell, 
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& Horwood, 2002). Furthermore, our voxel-wise results were non-significant. Al-
though the approaches differ substantially, both have their merits and they may be 
seen as complementary (Giuliani, Calhoun, Pearlson, Francis, & Buchanan, 2005). 
Additionally, our findings did largely overlap with the uncorrected voxel-wise 
results, indicating that abnormalities were distributed rather than focal. Fourthly, 
the prevalence of comorbid ODD in our sample is relatively low (22%) compared 
with other studies, but is in line with the idea that comorbid problems in ADHD 
emerge early in childhood and remit during adolescence (Van Lieshout et al.), 
and is a consequence of the strict inclusion criteria applied (e.g. no mood/anxiety 
disorders, no CD). However, ODD severity was still comparable with other studies 
(mean 5.2, range 4-8 symptoms).
Taken together, our study showed that both individuals with ADHD-only and 
ADHD+ODD show volumetric reductions in total gray matter and in brain areas 
crucial for attention, (working) memory and decision making, but do not show 
abnormalities in similar brain areas in cortical thickness. Given the absence of cor-
tical thickness abnormalities, the observed volumetric reductions are most likely 
driven by reduced surface area development of the involved structures (Raznahan 
et al.). Post-hoc analyses confirmed reduced surface area for the diagnostic groups 
for the majority (79%) of structures for which volumetric reductions were ob-
served. This is in line with a study that showed regional variation in the contribu-
tion of thickness and surface area to volumetric differences (Silk et al., 2016). For 
the other areas it may be that small abnormalities in cortical thickness and surface 
area together resulted in the observed volumetric reductions, but this remains 
speculative. Furthermore, the volumetric reductions in the frontal lobes were 
largest in the ADHD+ODD group, possibly underlying the larger impairments 
in neurocognitive functions commonly observed in this comorbid group (Noor-
dermeer et al., 2015; Qian, Shuai, Cao, Chan, & Wang, 2010; Youngwirth, Harvey, 
Gates, Hashim, & Friedman-Weieneth, 2007). Thus, individuals with ADHD+ODD 
seem to face a double burden and show an accumulation of the deficits associated 
with each of the separate disorders. Moreover, there were disorder-specific abnor-
malities for the ADHD+ODD group not only in the frontal regions, but also in the 
precuneus and the middle temporal gyrus, in line with neurocognitive findings of 
impairments in social skills in individuals with (comorbid) ODD.
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SUPPLEMENT 5.1
Information on the cohort and MRI data assessment.
Adapted from:
“The Neurocognitive deficits in Attention-Deficit/Hyperactivity Disorder with and 
without comorbid Oppositional Defiant Disorder”, by S.D.S. Noordermeer et al., 
2015. Copyright 2015, adapted with permission.
“The NeuroIMAGE study: a prospective phenotypic, cognitive, genetic and MRI 
study in children with attention-deficit/hyperactivity disorder. Design and descrip-
tives”, by D. Von Rhein et al., 2015. Copyright 2015, adapted with permission.
The cohort 
Original IMAGE cohort (2003–2006). Participants for NeuroIMAGE were 
selected from the Dutch part of the International Multicenter ADHD Genetics 
(IMAGE) study, conducted between 2003 and 2006. In the Dutch part of IMAGE 
365, families with at least one child with combined subtype ADHD and at least one 
biological sibling (regardless of ADHD diagnosis) were recruited, in addition to 
148 control families with at least one child, with no formal or suspected ADHD di-
agnosis in any of the first degree family members. Inclusion criteria for the IMAGE 
study were: participants had to be between 5 and 30 years, of European Caucasian 
descent, have an IQ >70, and no diagnosis of autism, epilepsy, general learning dif-
ficulties, brain disorders, and known genetic disorders (such as Fragile X syndrome 
or Down syndrome). 
 
NeuroIMAGE (2009–2012). For NeuroIMAGE, all family members, including 
those who did not participate in IMAGE, were invited for follow-up measurement 
and (re)assessed between 2009 and 2012. The time between the IMAGE and Neu-
roIMAGE measurements ranged between 3.5 and 8.9 years (overall M = 5.9 years, 
SD = 0.74). Additionally, children with ADHD (foremost girls) and healthy control 
boys were newly recruited to balance the distribution of gender and age between 
the ADHD and healthy control groups in NeuroIMAGE. Inclusion criteria were 
largely consistent with the IMAGE study, except that we now allowed inclusion of 
children with any subtype ADHD rather than the combined subtype only. 
Including the newly recruited families, the complete NeuroIMAGE cohort com-
prised testing of more than 1,000 children and approximately 850 tested parents. 
Retention rate from the original IMAGE study was high (79 %). The most impor-
tant reasons for drop-out were being too busy, family problems, and time con-
sumption of the study. 
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Diagnostic assessment
Diagnostic assessment of all participants included the comprehensive assessment 
of ADHD and ODD symptoms. To determine ADHD and ODD diagnoses, partici-
pants were assessed using the Dutch translation of the Kiddie–Schedule for Affec-
tive Disorders and Schizophrenia for School-Age Children–Present and Lifetime 
Version (K-SADS-PL; Kaufman et al., 1997). In addition, each child was assessed 
with a teacher rating (Conners’ Teacher Rating Scale–Revised: Long version 
[CTRS-R:L]; Conners, Sitarenios, Parker, & Epstein, 1998, applied for children <18 
years) or a self-report questionnaire (Conners’ Adult ADHD Rating Scales–Self-
Report:Long Version [CAARS-S:L]; Conners, Erhardt, & Sparrow, 1999, applied 
for children ≥18 years). The CTRS-R:L assesses both ADHD and ODD symptoms, 
whereas the CAARS-S:L assesses only ADHD symptoms. For participants us-
ing medication, ratings were done of children’s functioning off medication. For 
ADHD, a diagnostic algorithm was applied to combine symptom counts on the 
K-SADS and CTRS-R:L (for participants <18 years) or CAARS-S:L (for participants 
≥18), both providing operational definitions of ADHD defined by the Diagnos-
tic and Statistical Manual of Mental Disorders (DSM-IV) (American Psychiatric 
Association, 2000). Participants with ADHD were required to obtain a combined 
symptom count of ≥6 symptoms of hyperactive/impulsive behavior and/or inat-
tentive behavior, provided they (a) met the DSM-IV criteria for pervasiveness and 
impact of the disorder (K-SADS), (b) showed an age of onset before 12 (K-SADS), 
and (c) received a T ≥ 63 on at least one of the DSM ADHD scales (Total, Inat-
tentive behavior, Hyperactive/ Impulsive behavior) on either one of the Conners’ 
questionnaires. Likewise, for ODD, a diagnostic algorithm was applied to combine 
symptom counts on the K-SADS and CTRS-R:L (for participants <18 years), both 
providing operational definitions of ODD defined by the DSM-IV (American Psy-
chiatric Association, 2000). Participants with ODD were required to obtain a com-
bined symptom count of ≥4 symptoms of oppositional behavior, provided they (a) 
met the DSM-IV criteria for pervasiveness and impact of the disorder (K-SADS), 
and (b) received a T ≥63 on the DSM Oppositional behavior scale of the CTRS-R:L.
The MRI assessment 
Quality assurance procedures. For MRI data, several data checks to assess the 
quality of the collected scans were implemented. Since head movement during 
MRI scans can greatly impact the quality of the data collected, several steps to 
minimize movement during scanning and to assess data quality afterwards were 
taken. Before the MRI session, all participants were trained in a mock scanner 
to keep their head still while images were acquired. During the structural scans, 
participants were offered to watch a short movie or to listen to their favorite music, 
thereby distracting them from scanning, while helping them to stay still. When 
participants moved excessively (e.g. seen by moving feet), feedback was given and 
the participant was encouraged to stay still for the next scan. Given the importance 
of the anatomical scan for processing the other scan types that were also assessed 
in the NeuroIMAGE study (i.e., to allow correct normalization to a common 
space), we administered the T1 anatomical scan twice during the MRI session. 
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Furthermore, a quantitative between-group comparison of head movement during 
functional MRI scans was made. To this end, we calculated the three head rota-
tion (degrees) and three translation parameters (millimetres) using SPM8 soft-
ware (Wellcome Trust Centre for Neuroimaging, UCL). Rotation parameters were 
converted to distances (in millimetres). By taking the summed absolute image-to-
image displacement per parameter and adding these up, we constructed a sum-
mary score of the total movement over the time series per participant. As displayed 
in Fig. 4, peaks of these distributions are slightly shifted between ADHD cases 
and controls, suggesting that the ADHD cases moved a bit more during scanning. 
However, for all sequences, we observed an almost complete overlap of distribu-
tions indicating that within-group variance was much larger than between-group 
variance. This is also illustrated by the computed Cohen’s effect sizes that, varying 
between 0.10 and 0.51, appear to be small to moderate. We concluded from these 
observations that movement is not very likely to confound our case–control com-
parisons and we therefore decided to deal with movement in a standard fashion 
(i.e., statistical correction using realignment parameters in 1st/2nd level analysis, 
exclusion of extreme movers/outliers, post hoc analysis whether movement does 
confound a specific analysis). 
 
For the T1 anatomical scans, two independent raters evaluated quality of both 
scans on a 4-point scale (1 = good; 2 = useable; 3 = poor; 4 = very poor). Consisten-
cy between both raters was sufficient to good (ICC: 0.59) and the evaluated quality 
of the scans was good: from 1,559 scans, only 105 (6.7 %) were rated other than 
good or usable by one of the raters, leaving 767 (96 %) participants with at least 
one useful structural scan. When two good scans were available volumetric charac-
teristics were calculated based on the average of these two, otherwise only the best 
scan was chosen. Only scans with no or mild distortions were included. For further 
quality check after the FreeSurfer procedures were completed, the following re-
constructions were subjected to visual inspection to detect regions of “flattened” 
or “spiky” surface and surface wholes: (1) twenty percent (randomly selected) of 
all reconstructions; (2) all reconstructions based on a structural scan with mild 
distortions. Reconstructions that did not meet quality criteria were excluded from 
the analyses; no manual edits were made. 
 
Finally, to evaluate potential site effects within our experimental design, we select-
ed one measure of interest for each imaging modality. For the anatomical scan, we 
selected relative grey matter volume (grey matter divided by the total brain volume 
as estimated by SPM). As expected, differences between sites could be observed 
in the distribution of all measurements. However, all measures exhibited large 
overlap [Cohen’s d was in the range between (±) 0.12 and 0.76, with a mean around 
0.50] between sites, suggesting that between-subject variability within site out-
weighed any systematic between-site differences. Importantly, compared with the 
effect on raw image quality, site had a considerably smaller effect on most derived 
measures indicating that in our study site effects are likely to play a less important 
role when answering experimental questions. 
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Scanner parameters. Whole-brain high-resolution T1-weighted anatomical im-
ages were acquired in the sagittal plane: magnetization-prepared rapid acquisition 
gradient echo (MP-RAGE), echo time (TE)=2.95 ms, repetition time (TR)=2730 ms, 
inversion time (TI)=1000 ms, flip angle (FA)=7°, using generalized auto-calibrating 
partially parallel acquisition (GRAPPA) with 176 sagittal slices, voxel size 1x1x1 
mm3, and acquisition matrix 256x256.
 
Assessed anatomical areas. Global and more specific volumetric and corti-
cal thickness characteristics were calculated from Freesurfer Parcellations and 
Segmentations, the latter with the use of the Desikan-Killiany atlas (Desikan et al., 
2006). 
Volumetric global measures
 - Total intracranial volume (covariate)  - Total cortical volume  
- Total gray matter volume   - Subcortical gray matter 
- Corpus Callosum    - Brain stem   
   
Volumetric cortical measures
- Corpus Callosum   - Insula 
- Parahippocampus   - Inferior parietal gyrus 
- Superior parietal gyrus   - Inferior temporal gyrus 
- Middle temporal gyrus   - Superior temporal gyrus 
- Transverse temporal gyrus  - Temporal pole 
- Caudal middle frontal gyrus  - Rostral middle frontal gyrus 
- Pars orbitalis    - Pars triangularis 
- Pars opercularis   - Medial orbitofrontal gyrus 
- Lateral orbitofrontal gyrus  - Superior frontal gyrus 
- Frontal pole    - Caudal anterior cingulate cortex 
- Rostral anterior cingulate cortex - Posterior cingulate  
- Lateral occipital gyrus   - Cuneus   
- Precuneus     - Entorhinal  
- Fusiform gyrus    - Isthmus    
- Precentral gyrus    - Paracentral gyrus   
- Postcentral gyrus    - Supramarginal gyrus   
- Cerebellum (white matter)  - Cerebellum (cortex)
 
Volumetric subcortical measures
- Accumbens     - Amygdala  
- Caudate     - Hippocampus  
- Globus pallidus    - Putamen  
- Thalamus 
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Cortical thickness measures
- Insula      - Parahippocampus 
- Inferior parietal gyrus    - Superior parietal gyrus  
- Inferior temporal gyrus   - Middle temporal gyrus  
- Superior temporal gyrus   - Transverse temporal gyrus 
- Temporal pole     - Superior frontal gyrus 
- Caudal middle frontal gyrus  - Rostral middle frontal gyrus 
- Pars orbitalis    - Pars triangularis 
- Pars opercularis   - Medial orbitofrontal gyrus 
- Lateral orbitofrontal gyrus     
5
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SUPPLEMENT 5.2
Figures from whole brain voxel-wise analyses for illustrative pur-
poses.
Note. The following Figures are only to illustrate the findings and to give an indication of 
the distribution of the effects, and are based on a whole brain voxel-wise approach rather 
than the ROI approach that is described in the manuscript.
Figure S5.1. Overall volumetric group differences between the three groups, based on 
whole brain voxel-wise analyses. Lateral view of the left (left) and right (right) hemispheres. 
Colored areas indicate clusters exhibiting overall group differences in cortical volume for 
all three groups (controls, ADHD-only, ADHD+ODD). Results are uncorrected for multiple 
comparisons (p < .0001). Yellow indicates the center of gravity for the clusters. Dark gray 
indicates sulci; light gray indicates gyri.
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Figure S5.2. Volumetric group differences between the control group and the ADHD-only 
group based on whole brain voxel-wise analyses. Lateral view of the left (left) and right 
(right) hemispheres. Colored areas indicate clusters exhibiting between-group differences 
in cortical volume for the control group versus the ADHD-only group comparison. Results 
are uncorrected for multiple comparisons (p < .0001). Yellow indicates the center of gravity 
for the clusters. Dark gray indicates sulci; light gray indicates gyri.
Figure S5.3. Volumetric group differences between the control group and the ADHD+ODD 
group based on whole brain voxel-wise analyses. Lateral view of the left (left) and right 
(right) hemispheres. Colored areas indicate clusters exhibiting between-group differences 
in cortical volume for the control group versus the ADHD+ODD group comparison. Results 
are uncorrected for multiple comparisons (p < .0001). Yellow indicates the center of gravity 
for the clusters. Dark gray indicates sulci; light gray indicates gyri.
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Figure S5.4. Volumetric group differences between the ADHD-only group and the 
ADHD+ODD group based on whole brain voxel-wise analyses. Lateral view of the left (left) 
and right (right) hemispheres. Colored areas indicate clusters exhibiting between-group 
differences in cortical volume for the ADHD-only group versus the ADHD+ODD group 
comparison. Results are uncorrected for multiple comparisons (p < .0001). Yellow indicates 
the center of gravity for the clusters. Dark gray indicates sulci; light gray indicates gyri.
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Chapter 6
The influence of comorbid oppositional defiant 
disorder on white matter microstructure in 
attention-deficit/hyperactivity disorder.
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ABSTRACT
Background. Attention-deficit/hyperactivity disorder (ADHD) and oppositional 
defiant disorder (ODD) are highly comorbid disorders. ADHD has been associated 
with altered white matter (WM) microstructure, though the literature is inconsist-
ent, which may be due to differences in the in- or exclusion of participants with 
comorbid ODD. WM abnormalities in ODD are still poorly understood, and it 
is unclear whether comorbid ODD in ADHD may have confounded the current 
ADHD literature.
Method. Diffusion Tensor Imaging (DTI) was used to compare fractional anisot-
ropy (FA) and mean diffusivity (MD) between ADHD patients with (n = 42) and 
without (n = 117) comorbid ODD. All participants were between 8-25 years and 
groups did not differ in mean age or gender. Follow-up analyses were conducted to 
examine the role of antisocial behaviour (conduct problems) on FA and MD values 
in both groups.
Results. Comorbid ODD in ADHD was associated with lower FA in left fronto-
temporal WM, which appeared independent of ADHD symptoms. FA was nega-
tively associated with antisocial behaviour in ADHD + ODD, but not in ADHD-
only. Comorbid ODD is associated with WM abnormalities in individuals with 
ADHD, which appears to be independent of ADHD symptoms.
Conclusion.Altered WM microstructure in comorbid ODD may play a role in in-
consistencies in the current DTI literature in ADHD. Altered development of these 
tracts may contribute to social-emotional and cognitive problems in children with 
oppositional and antisocial behaviour.
Keywords: ADHD, Antisocial behaviour, Comorbidity, Diffusion Tensor Imaging, 
Oppositional defiant disorder, White matter microstructure
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most frequently 
diagnosed childhood psychiatric disorders, characterised by symptoms of inatten-
tion and hyperactivity/impulsivity which lead to functional impairment in daily 
life (American Psychiatric Association, 2013). One of the greatest challenges in 
ADHD research is the large heterogeneity in aetiology, neurobiological correlates, 
and clinical presentation of the disorder. While the exact sources of this heteroge-
neity are still largely unknown, the presence of comorbidities may play a large role. 
In the majority of cases, ADHD is associated with one or more comorbid disorders 
, with oppositional defiant disorder (ODD) being among the most frequently di-
agnosed comorbidities with a prevalence rate of ~60% in children and adolescents 
with ADHD (Connor, Steeber, & McBurnett, 2010).
Neuroimaging studies have consistently implicated abnormalities in brain struc-
ture and functioning in ADHD (Cortese et al., 2012; Nakao, Radua, Rubia, & 
Mataix-Cols, 2011), including differences in the microstructural properties of white 
matter (WM) tracts, as measured by Diffusion Tensor Imaging (DTI) (Van Ewijk, 
Heslenfeld, Luman, et al., 2014).WM tracts play an important role in information 
transfer between brain regions, and abnormalities in the microstructure or integri-
ty of these tracts can have important implications for the structural and functional 
connectivity of the brain, which could ultimately result in neurocognitive deficits 
or behavioural problems. Meta-analytic evidence points towards reduced fraction-
al anisotropy (FA) in the right anterior corona radiata, right forceps minor, bilat-
eral internal capsule, and left cerebellum (Van Ewijk, Heslenfeld, Zwiers, Buitelaar, 
& Oosterlaan, 2012), consistent with theories on fronto-striatal-cerebellar brain 
abnormalities in ADHD (Durston, van Belle, & de Zeeuw, 2011). More recent DTI 
studies in ADHD implicate more widespread WM alterations, also including tracts 
that connect regions involved in sensorimotor and higher-level cognitive function-
ing (Cortese et al., 2013; de Zeeuw, Mandl, Hulshoff Pol, Van Engeland, & Durston, 
2012). However, DTI findings in ADHD are still highly inconsistent in terms of the 
location and direction of findings, impeding generalizability and interpretability 
of WM abnormalities in the disorder (Van Ewijk et al., 2012). 
Given the high comorbidity of ODD in individuals with ADHD, it is possible that 
the inconsistencies in the ADHD DTI literature are - at least partly - due to dif-
ferences in the in- or exclusion of subjects with comorbid ODD between studies. 
ODD is associated with widespread volumetric and functional brain abnormalities 
in regions including the frontal cortex, amygdala, and insula (Matthys, Vander-
schuren, & Schutter, 2013; Noordermeer, Luman, & Oosterlaan, 2016). However, 
to our current knowledge, no DTI studies of ODD have been performed, and it is 
currently unknown whether ODD is associated with differences in WM micro-
structure. DTI studies in conduct disorder (CD) have shown altered WM micro-
structure compared with controls in frontotemporal and striatal brain regions, 
represented by either lower (Haney-Caron, Caprihan, & Stevens, 2014) or higher 
(Passamonti et al., 2012) FA values. Other studies reported lower FA and higher 
6
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MD values in combined ODD/CD groups (Li, Mathews, Wang, Dunn, & Kronen-
berger, 2005; Sarkar et al., 2013; Wang et al., 2012), compared with controls. Al-
though ODD and CD are distinct psychiatric disorders, they overlap substantially 
in terms of aetiology and pathophysiology, and ODD is often viewed as a milder 
variant of, or risk factor for, CD (Burke, Loeber, & Birmaher, 2002). Consequently, 
based on the literature on WM microstructure in CD, it could be expected that 
WM abnormalities may also - at least to some extent - be implicated in ODD. One 
study directly compared individuals with ODD/CD+ADHD with those with ODD/
CD without comorbid ADHD, and found that the comorbid group showed addi-
tional abnormalities in the corpus callosum and anterior, superior and posterior 
corona radiata (Wang et al., 2012). These findings suggest that ADHD comorbidity 
in ODD/CD is associated with greater white matter abnormality than ODD/CD 
alone, and that comorbidity is an important factor to consider when investigating 
neurobiological correlates of these disorders.
Taken together, ADHD is associated with altered WM microstructure through-
out the brain. WM abnormalities in ODD are still poorly understood, but may 
be expected in partly similar regions. Importantly, most previous DTI studies in 
ADHD have either not described the in- or exclusion of ODD, or included par-
ticipants with ODD but did not test or describe the possible confounding effects. 
Therefore, it is possible that ODD-related WM abnormalities may have influenced 
the current DTI literature in ADHD and that some of the WM abnormalities that 
are currently being attributed to ADHD may be better explained by the presence 
of comorbid ODD. To explore WM abnormalities in ODD, and shed light on the 
possible confounding effect of ODD-related abnormalities in ADHD DTI research, 
we compared WM microstructure between ADHD patients with and without 
comorbid ODD. We hypothesized that comorbid ODD would be associated with 
additional, or partly different, WM abnormalities compared with our previously 
reported ADHD-related WM abnormalities (Van Ewijk, Heslenfeld, Luman, et 
al., 2014). More specifically, we expected to find differences in FA and MD val-
ues between individuals with ADHD+ODD and ADHD alone, mainly located in 
frontotemporal and striatal WM (similar to previous findings in CD). To further 
elucidate the nature of WM microstructure abnormalities in ODD, we explored 
whether a dimensional measure of antisocial behaviour (conduct problems) was 
associated with WM abnormalities in both groups.
METHODS
Participants
Participants were part of the NeuroIMAGE cohort (Von Rhein et al., 2015). Inclu-
sion criteria for the current study were: age between 8-30 years, European Cauca-
sian descent, IQ ≥ 70, and no known neurological or genetic disorder. Comorbid 
psychiatric disorders reported by parents (such as Bipolar disorder, classical 
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autism or Asperger’s syndrome) were excluded, except for ODD, CD and pervasive 
developmental disorder not otherwise specified (PDD-NOS), given their high co-
occurrence in ADHD, to avoid creating an extremely pure and non-representative 
sample of youth with ADHD. Complete data (i.e. information on ADHD, ODD 
and antisocial behaviour, and a DTI scan) were available for 159 individuals with 
ADHD. Two groups were created: a “comorbid” group with ADHD+ODD (n=42, 
including 7 participants with ODD+CD) and an “ADHD-only” group (n=117; no 
ODD or CD), aged 8-25 years. 
Of note, group differences between ADHD and controls have been described in 
detail in a previous publication (van Ewijk, Heslenfeld, Zwiers, et al., 2014), in 
which we found decreased FA and increased MD in ADHD in widespread regions, 
and will thus not be repeated here. All ADHD participants from our previous 
publication were included in the current analyses, except for 11 participants with 
missing information on ODD or antisocial measures.
Measures and materials
To determine ADHD and ODD diagnoses, all participants were assessed with the 
Schedule for Affective Disorders and Schizophrenia for School-Age Children - 
Present and Lifetime Version (K-SADS-PL) (Kaufman et al., 1997). Parents were 
interviewed about their children’s behaviour during the past six months, and 
additionally, all children aged 12 and above were interviewed themselves, separate 
from their parents. Interview scores on each item were combined into an overall 
summary rating per item, including all sources of information (answers from par-
ent, child (if applicable), and the interviewer’s clinical impression). ODD diagno-
ses were determined based on the K-SADS-PL using DSM-IV criteria. For ADHD, 
interview scores were supplemented with Conners’ questionnaires (Conners, 
Erhardt, & Sparrowd, 1999; Conners, Sitarenios, Parker, & Epstein, 1998) using a 
comprehensive diagnostic algorithm, resulting in a diagnostic category as well as 
the total number of ADHD symptoms. For a full description of the diagnostic pro-
cedures for ADHD we refer to a previous publication (Von Rhein et al., 2015).
The presence of antisocial behaviour (conduct problems) was assessed with the 
Observed Antisocial Behavior Questionnaire (OAB) (Geluk et al., 2012). The OAB 
is based on the Self-Report of Antisocial Behavior (Loeber, Stouthamer-Loeber, 
Van Kammen, & Farrington, 1989), and covers 42 antisocial and delinquent be-
haviours such as stealing, cheating, fighting and threatening others. The OAB was 
filled out by all participants in the absence of their parents, and young children 
(<12 years) who had trouble reading or filling out the questionnaire themselves 
were assisted by a research assistant. Of note, one item in the questionnaire as-
sesses smoking behaviour. Given the well-established association between nico-
tine dependence and WM microstructure (Gons et al., 2011; Van Ewijk et al., 2015), 
we decided to exclude this item from the questionnaire for the current study. 
Hereby, we minimized the possibility that our measure of antisocial behaviour - 
and related WM-abnormalities - would be driven by the physiological
6
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effects of nicotine on WM microstructure, rather than conduct problems. From 
the remaining 41 items, a total score was calculated from all behaviours that had 
occurred during the past six months. Antisocial behaviour and diagnostic group 
were moderately positively correlated towards higher rates of antisocial behaviour 
for ADHD+ODD compared with ADHD-only (r=.32, p<.001). 
Full scale IQ was estimated by a two-subtest short form (Vocabulary and Block 
Design) of the Wechsler Intelligence Scale for Children-III (WISC-III) or Wechsler 
Adult Intelligence Scale III (WAIS-III; for participants ≥17 years), to be used for 
exclusion of participants with IQ<70. Additional information was collected to 
assess autism spectrum symptoms (using the Children’s Social Behavior Question-
naire; CSBQ), comorbid internalizing disorders (using the K-SADS-PL sections for 
depression and anxiety disorders), history of ADHD medication use (yes or no), 
and socio-economic status .
Procedure
The current study was part of a comprehensive assessment protocol (Von Rhein et 
al., 2015), including a DTI scan. Data acquisition was carried out in The Nether-
lands, either at the VU University Amsterdam and VU University Medical Centre, 
or at the Radboud University Medical Center and Donders Centre for Cognitive 
Neuroimaging in Nijmegen. Before the DTI scan, all participants were familiar-
ized with the scanning procedure using a mock-scanner. Participants were asked 
to withhold the use of psychoactive medication for 48 hours before measurement. 
Fourteen participants were not able to comply, resulting in nine participants with 
a 24-hour washout and five participants using medication during assessment 
(equally distributed between the two groups; p=.46). The study was approved by 
the Dutch local medical ethics committees, and all participants signed informed 
consent (parents signed for participants under 12 years of age). Afterwards, partici-
pants received a reward of €50 and a copy of their MRI scan.
Imaging acquisition and (pre-)processing
MRI scanning was carried out on either a 1.5 Tesla Sonata or a 1.5 Te
sla Avanto MRI scanner (Siemens, Erlangen, Germany), using the same Siemens 
8-channel head coil. Whole-brain, high-resolution T1-weighted anatomical im-
ages were acquired in the sagittal plane (MP-RAGE, 176 slices, acquisition matrix 
256x256, voxel size 1x1x1mm; TE/TR=2.95/2730ms, TI=1000ms, FA=7°, GRAPPA-
acceleration 2). Eddy-current compensated diffusion-weighted SE-EPI images 
were collected during one acquisition consisting of five volumes without direc-
tional weighting (b value of zero), followed by 60 volumes with non-collinear 
gradient directions (60 interleaved slices, matrix 64x64, voxel size 2x2x2.2mm, TE/
TR=97/8500ms, b-value 1000s/mm2, GRAPPA-acceleration 2). 
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Pre-processing included eddy-current correction, realignment (using affine trans-
formations and mutual information as a cost function), unwarping image distor-
tions, and correction of motion-induced artifacts, using SPM8 (Wellcome Trust 
Centre for Neuroimaging) functionality and in-house developed methods. Tensor 
images were estimated, and FA and MD maps were derived for each participant, 
which were further processed using FSL’s Tract Based Spatial Statistics (TBSS) 
(Smith et al., 2006) using standard settings with a threshold of FA>0.3. For a full 
description of image (pre-)processing we refer to our previous publication (Van 
Ewijk, Heslenfeld, Luman, et al., 2014).
Data analysis
Group differences in sample characteristics were investigated using analysis of 
variance and chi square tests in SPSS (version 21, IBM, Chicago, IL, USA). Voxel-
wise TBSS analyses were performed in FSL with the randomise tool, which is based 
on permutation testing. A General Linear Model (GLM) was built with diagnostic 
group as predictor (ADHD+ODD versus ADHD-only). Covariates were included 
for the number of ADHD symptoms (given the group difference in ADHD symp-
toms), age (given our broad age range and the strong association between age and 
WM microstructure) and scan site (to correct for possible site differences). First, 
t-test contrasts were set up to investigate main group differences (ADHD+ODD 
versus ADHD-only) on FA and MD. Second, additional contrasts were set up for 
group-by-age and group-by-ADHD symptom count interactions, to investigate 
whether group differences in FA or MD differed as a function of age or ADHD 
symptom count. Results were obtained using Threshold-Free Cluster Enhance-
ment (TFCE), providing results at p<.05 using FWE correction for multiple testing. 
Anatomical labels of voxels showing significant effects were identified using the 
built-in Harvard-Oxford and JHU atlases for WM tracts in FSLview. Given the 
group differences in IQ and autism spectrum symptoms (see Table 1), and the 
literature supporting strong associations of IQ and autistic traits with white matter 
microstructure (Cooper, Thapar, & Jones, 2014; Schmithorst, Wilke, Dardzinski, & 
Holland, 2005), we ran additional analyses with IQ and autism spectrum symp-
toms added to the GLM as covariates.
Subsequent follow-up analyses were conducted to further examine the nature of 
the significant group differences. All follow-up analyses were conducted in SPSS 
on mean FA or MD values from regions in which a significant group difference was 
found in the TBSS analysis. Linear Mixed Models (LMM) were used with a random 
intercept per family, to account for correlated data within families, and the same 
predictors and covariates were included as in the TBSS analysis (i.e. diagnostic 
group, ADHD symptoms, age and scan site). First, to check whether our results 
were applicable to all ages in our broad age range, we performed a median split 
on age and re-ran the LMM on both age groups separately. Second, to investigate 
whether lower FA in the ADHD+ODD group could be explained by higher rates of 
antisocial behaviour, the LMM was run with a dimensional measure of antisocial 
behaviour (normalized with van der Waerden’s transformation) and its interac-
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tion with diagnostic group as predictors. Last, to test whether participants with 
comorbid CD had confounded our main effect or the interaction with antisocial 
behaviour, both LMMs were re-run after excluding the participants with comorbid 
CD (n=7).
RESULTS
Sample characteristics are summarized in Table 6.1. The TBSS analysis revealed 
several clusters of decreased FA for ADHD+ODD compared with ADHD-only 
(Figure 6.1, Table 6.2). 
6
Table 6.1. Group characteristics
ADHD+ODD  ADHD-only Group comparisons
(n = 43) (n = 117)
M SD M SD  
Age (years) 17.13 3.26 17.28 3.37 ns
IQ 92.9 11.8 100.0 15.1 ADHD-only > ADHD+ODD **
Gender 
(% Male)
67 - 68 - ns
Scan site 
(% Amsterdam)
48 - 39 - ns
History of medication use (%) 90 - 89 - ns
Hand preference 
(% right-handed)
91 - 88 - ns
Socioeconomic status a 11.2 2.0 11.7 2.3 ns
Vocabulary standardised 
score
8.4 2.5 9.4 2.7 ADHD-only > ADHD+ODD *
ADHD total 
symptoms b
14.0 3.0 12.6 2.8 ADHD+ODD > ADHD+ODD **
Oppositional behaviour c 69.8 11.9 55.2 10.4 ADHD+ODD > ADHD+ODD ***
Antisocial behaviour d 6.2 4.3 3.6 3.8 ADHD+ODD > ADHD+ODD ***
Internalizing disorder (%) 7 - 3 - ns
Autism spectrum symptoms 16.1 8.3 9.9 7.4 ADHD+ODD > ADHD+ODD ***
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ns = not significant; ODD = Oppositional 
Defiant Disorder; TDC = Typically Developing Controls.
a As measured using the average level of maternal and paternal education (see Buis, 2008)
b As measured using the combination of K-SADS-PL and Conners’ scales Total, Inattentive, Hyper-
   active/Impulsive
c T-score; as measured by the Conners’ Parent Rating Scale
d Standardized score
* p < .05, ** p < .01, *** p < .001 
    White matter characteristics of ADHD+ODD and ADHD-only  |  191
Figure 6.1. Tract-based spatial statistics (TBSS) results of fractional anisotropy (FA). Red 
and yellow colours represent regions of lower FA for ADHD+ODD compared to ADHD-
only. Results are overlaid on a standard MNI152 template with the mean skeleton (green 
colour; FA > 0.3), and were “thickened” towards the full width of the tract for visualisation 
purposes. Anatomical labels refer to major white matter tracts that are visible in the cor-
responding view, as identified with JHU white matter atlases incorporated in FSL.
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Figure 6.2. Interaction between antisocial behaviour (conduct problems) and group status 
on fractional anisotropy (FA). Mean FA values were extracted from clusters that showed a 
significant group difference (lower FA for ADHD+ODD versus ADHD-only) in the Tract-
based spatial statistics (TBSS) analysis.
Clusters of decreased FA were mainly located in WM tracts and subcortical 
structures, more specifically in the inferior fronto-occipital fasciculus or uncinate 
fasciculus, corticospinal tract, anterior and posterior capsula interna, and forceps 
minor or genu of the corpus callosum. All findings were lateralized to the left hem-
isphere. For each participant, the mean FA value was extracted from these voxels 
for follow-up analyses. No differences in MD and no areas with increased FA for 
ADHD+ODD were found, and no interactions between group and age or ADHD 
symptom count were observed for either FA or MD. Re-running the GLM with IQ 
added to the GLM as a covariate revealed the same results, albeit somewhat more 
widespread. Newly unmasked voxels were mainly located in the bilateral forceps 
minor and right anterior corona radiata. Re-running the GLM with autism spec-
trum symptoms added to the GLM as a covariate revealed results very similar to 
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Table 6.2. Clusters of lower fractional anisotropy (FA) for ADHD+ODD compared to ADHD-only
Cluster
N
MNI 
coordinates
# Anatomical label Voxels x y z  p value
1 Corticospinal tract, internal capsule 
(anterior and posterior), forceps minor/
genu of corpus callosum
1300 -19 -12 -1 .028
2 Inferior fronto-occipital fasciculus/
uncinate fasciculus
1297 -14 29 -12 .034
3 Inferior fronto-occipital fasciculus 125 -33 -58 20 .046
Note. MNI coordinates represent centre of gravity. Only clusters with cluster size >100 voxels are 
reported.
MNI = Montreal Neurological Institute.
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the original analysis, although some voxels, located in the lower portion of the CST 
and the more medial part of the forceps minor, had disappeared just under the 
significance threshold of p < .05). Results from these additional analyses show that 
group differences in FA were robust for subclinical autism spectrum symptoms, 
and are present at all levels of cognitive functioning.
Follow-up analyses were conducted in SPSS on FA values from the significant 
cluster of reduced FA in ADHD+ODD. First, we reran the LMM in two separate age 
groups, split at the median age (17.5 years). Results remained the same for both the 
younger and the older age group. Second, we examined the association between 
diagnostic group and antisocial behaviour as measured by the OAB (Figure 6.2). 
A significant interaction was found (F (1,152) = 6.658, p = .011), which was further 
examined by testing the association between antisocial behaviour and FA in each 
diagnostic group separately. Results revealed a significant negative association 
between antisocial behaviour and FA in the ADHD+ODD group (F (1,37) = 5.939, 
p = .020) but not in ADHD-only (F 1,112 = 1.073, p = .303). Excluding participants 
with comorbid CD (n=7) did not change the significance of the main group effect 
or the interaction with antisocial behaviour. Additional follow-up analyses were 
conducted to examine whether the observed left-sided lateralization of TBSS 
findings was associated with language impairment in ODD. To this end, the LMM 
was re-run with the Vocabulary standardized score of the WISC-III/WAIS-III and 
its interaction with diagnostic group as predictors. Results revealed no effect of 
Vocabularyon FA (F (1,143)=0.607, p = .437) and no significant interaction with 
diagnostic group (F (1,147)=0.075, p =.784). 
DISCUSSION
This is the first study investigating WM microstructure associated with comorbid 
ODD in ADHD. We aimed to shed light on WM microstructure in ODD as well as 
the possible confounding effect of ODD comorbidity on previous DTI findings for 
ADHD. 
Several regions of reduced FA were found in individuals with ADHD+ODD com-
pared with those with ADHD alone, mainly located in frontotemporal WM tracts 
and subcortical regions of the basal ganglia in the left hemisphere. More specifi-
cally, reduced FA was located in the left corticospinal tract, inferior fronto-occipi-
tal fasciculus or uncinate fasciculus, forceps minor or genu of the corpus callosum, 
and internal capsule. No differences in MD were observed between the groups, 
and group differences in FA were not dependent on ADHD symptom count. These 
findings could indicate an additive or differential effect of ODD on ADHD-related 
WM pathology, in line with a previous study that showed a similar pattern of find-
ings for adolescents with ODD/CD with and without comorbid ADHD (Wang et 
al., 2012). Of note, significant voxels were often located in regions in which two or 
more major white matter tracts are located or crossing (e.g., inferior fronto-occip-
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ital fasciculus and uncinate fasciculus). One of the disadvantages of a voxel-based 
approach like TBSS is that it is not possible to infer information regarding the spe-
cific tract that was measured, and FA values cannot be interpreted in terms of the 
biological properties underlying a difference in anisotropy, especially in regions 
of crossing fibres (Alexander, Lee, Lazar, & Field, 2007; Jones, Knosche, & Turner, 
2013). 
Importantly, current results show some striking similarities and differences with 
results from our previous study in a largely overlapping sample, in which we found 
reduced FA for ADHD compared with controls in widespread regions (Van Ewijk, 
Heslenfeld, Zwiers, et al., 2014). Qualitative comparison between the two studies 
reveals WM abnormalities in left temporal and striatal regions for ADHD com-
pared with controls, but also for ADHD+ODD compared with ADHD patients 
without comorbid ODD. This could indicate an additive effect of ADHD and ODD 
on FA in temporal and striatal regions, where individuals with ADHD+ODD show 
more severe WM abnormalities than those with ADHD alone. On the other hand, 
left (orbito)frontal regions show reduced FA for ADHD+ODD compared with 
ADHD-only, but not for ADHD compared with controls, indicating that these 
abnormalities may be more specific to ODD than ADHD. It is important to note 
that direct quantitative comparisons between both studies cannot be made due to 
slight differences in sample composition and statistical methods such as the in-
cluded covariates. Described overlap and differences between both studies should 
be seen as exploratory, and interpreted with caution.
Our findings are helpful in resolving the inconsistencies in the prior DTI literature 
for ADHD by showing that ADHD patients with and without ODD differ in WM 
microstructure in several tracts. It is possible that findings from previous studies, 
especially in (orbito)frontal WM regions, have been attributed to ADHD, while 
they may better be explained by comorbid ODD in the sample. Furthermore, indi-
viduals with comorbid ODD appear to have more severe WM abnormalities than 
individuals with ADHD alone in temporal and striatal regions, which may have led 
to differences in the strength of effects in previous studies that differ in their in- or 
exclusion strategies. Future studies should clearly test and describe the possible 
confounding effect of ODD comorbidity in their sample, and current findings 
should be kept in mind in interpreting previous literature in which ODD comor-
bidity was not described or excluded. 
Antisocial behaviour, or conduct problems, interacted with group status in such 
a way that WM abnormalities were mainly present in individuals with comorbid 
ODD in combination with high rates of antisocial behaviour. Comorbid ODD 
with low rates of antisocial behaviour, and antisocial behaviour without an ODD 
diagnosis, did not appear to be associated with lower FA. Importantly, our measure 
of antisocial behaviour largely overlapped with CD-like behaviours. Therefore, 
it is possible that our finding in fact signifies an interaction between ODD and 
(subclinical) CD, and that WM pathology is strongest in individuals with both 
disorders combined. Although ODD and CD are highly correlated constructs, this 
6
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result suggests that both disorders may interact on a neurobiological level, indicat-
ing that ODD and CD should be treated as separate constructs in future studies 
investigating WM microstructure. It is important to note that young children in 
our sample may still go on to develop ODD and/or CD in the future. Hence, it is 
difficult to know whether the currently defined subgroups will hold in the future, 
or whether children may shift from the ADHD-only to the Comorbid group in a 
few years’ time, and if so, whether group differences in WM microstructure will 
remain the same. It would be informative to replicate current results in a longitu-
dinal sample following ODD and conduct symptoms, as well as WM microstruc-
ture, over time.
Current findings fit well within theories of frontotemporal and frontostriatal 
brain dysfunction in individuals with ODD and/or CD (Finger et al., 2011; Rubia, 
2011; Vloet, Konrad, Huebner, Herpertz, & Herpertz-Dahlmann, 2008). The basal 
ganglia are well-known for their central role in the reward circuitry and emotional 
functioning, and the orbitofrontal cortex plays a crucial role in controlling rep-
resentational memory, incentive motivation, and reward processes. These are all 
well-known cognitive difficulties in ODD and CD (Burke et al., 2002), and reduced 
brain activation in these regions has consistently been linked to aggression and 
psychopathy (Blair, 2005). The uncinate fasciculus, connecting the orbitofrontal 
cortex with temporal lobe regions, plays an essential role in combining reward 
and punishment history, memory representations, value assignment and updat-
ing, and decision-making (Von Der Heide, Skipper, Klobusicky, & Olson, 2013). As 
a consequence, perturbation of this tract can cause problems in social-emotional 
functioning, due to the lack of emotional history and value and motivational value 
in the decision-making process. It is likely that WM abnormalities in frontotem-
poral and frontostriatal brain regions play a role in the neurocognitive and behav-
ioural problems associated with ODD, as well as the poor and adverse outcomes 
reported for children with ADHD+ODD compared with those with ADHD alone 
(Connor et al., 2010; Loeber, Burke, Lahey, Winters, & Zera, 2000). At the neuro-
biological level, reduced FA could implicate abnormalities in a wide range of tissue 
properties such as reduced myelin or lower axonal density (Jones et al., 2013), 
which could signify disrupted signal transfer in these tracts. Importantly, WM mi-
crostructure in frontotemporal and striatal regions has been shown to continue to 
develop into adulthood in healthy subjects, with increasing FA and decreasing MD 
over age (Paus, Pesaresi, & French, 2014). Given that our sample largely consisted 
of adolescents, it is unclear whether our finding of reduced FA in comorbid ODD 
represents a developmental delay (compared with individuals with ADHD alone), 
which could catch up in adulthood, or whether it signifies a more persistent defi-
cit. Longitudinal studies could provide more insight. Taken together, lower FA in 
comorbid ODD could represent suboptimal development of frontotemporal WM 
tracts, which could play a role in the social-emotional and cognitive problems as-
sociated with ODD.
Tracts of lower FA in comorbid ODD were lateralized to the left hemisphere, 
suggesting that findings may be related to a lateralized brain function such as 
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handedness or language functioning. While handedness is unlikely to explain the 
lateralization of our results, given that our groups did not differ on handedness, 
our groups did differ on vocabulary skills, and language deficits have been sug-
gested to play a role in disruptive behaviour disorders such as ODD (Hogan, 1999). 
DTI studies have shown that WM microstructure of the genu (Kim et al., 2006) 
and the splenium (Fryer et al., 2008) of the corpus callosum and the left inferior 
fronto-occipital fasciculus (Duffau et al., 2005) is associated with language abilities 
and impairment. Functional magnetic resonance imaging (fMRI) evidence also 
suggests a role of the uncinate fasciculus in language processing (Vigneau et al., 
2006), although evidence for this tract is less consistent. It is possible that sub-
optimal development of frontotemporal and callosal tracts may signify a shared 
pathophysiology underlying both the language difficulties and behavioural symp-
toms of ODD. This theory was not directly supported by our data, in which FA was 
not associated with vocabulary scores. However, disruptive behaviour disorders are 
associated with a wider range of language difficulties, including receptive listening 
and reading and expressive speech and writing, which were not explicitly assessed 
in the current study. Therefore, other indices of language and reading ability than 
vocabulary may in fact be associated with WM microstructure in these regions. 
Our current findings should be viewed in the light of some strengths and limita-
tions. Strengths include our large sample size, 60-direction diffusion imaging, 
and the possibility to check for a wide variety of confounding factors, which was 
a caveat in many studies performed so far. The lack of a pure ODD group restricts 
the generalizability of findings to comorbid ODD in ADHD, but not to pure ODD 
(without ADHD). Nevertheless, ODD did not interact with ADHD symptom 
severity, which suggests that our findings for comorbid ODD appear to be largely 
independent of ADHD and may generalize to pure ODD. This is especially the 
case for findings in (orbito)frontal regions, which we did not find in our previous 
ADHD-control comparison (Van Ewijk, Heslenfeld, Luman, et al., 2014). However, 
a study combining four groups (controls, pure ODD, pure ADHD, and a comorbid 
group) could shed more light on the specificity of WM abnormalities for both 
disorders. The age range in the current study was relatively broad, restricting us 
from drawing conclusions regarding specific age groups. Although our main TBSS 
finding appeared to be robust for age, it is possible that additional WM tracts may 
be involved specifically in younger or older individuals, which should be explored 
in a sample with a more specific age group with an appropriate sample size. Due to 
the cross-sectional nature of the current study, it is not possible to draw conclu-
sions regarding causality of the findings, i.e. whether WM abnormalities cause 
ADHD and ODD behaviours and associated neurocognitive deficits, or vice versa. 
Longitudinal studies could provide more insight into the development of WM mi-
crostructure and associated functions throughout the childhood and adolescence 
in individuals with and without ODD. 
Conclusion
6
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The current study adds significantly to the scarce literature on WM microstructure 
in ODD, and is the first to describe the effects of comorbid ODD in ADHD. Our 
results show that comorbid ODD in ADHD is associated with altered WM micro-
structure, compared with individuals with ADHD alone, suggesting more severe 
and partly different WM abnormalities in comorbid individuals. WM pathology 
was strongest in individuals with comorbid ODD in combination with high rates 
of antisocial behaviour (conduct problems), and was mainly located in frontotem-
poral and striatal regions. It is possible that altered development of these tracts 
during childhood may underlie problems with social-emotional decision-making, 
reward processing and motivational control, and predispose to the development of 
oppositional and antisocial behaviour, although longitudinal studies are needed to 
investigate the causality of this association.
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Chapter 7
Neural correlates of cool and hot executive function-
ing in attention-deficit/hyperactivity disorder. 
Investigating the role of comorbid 
oppositional defiant disorder.
Under review as:
Noordermeer, S. D. S., Luman, M., Faraone, S. V., Hartman, C. A., Hoekstra, P. J., 
Van Rooij, D., Van Ewijk, H., Franke, B., Buitelaar, J. K., Heslenfeld, D.J., Ooster-
laan, J. (2017). Neural correlates of cool and hot executive functioning in attention-
deficit/hyperactivity disorder. Investigating the role of comorbid oppositional 
defiant disorder. 
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ABSTRACT
Background. Attention-deficit/hyperactivity disorder (ADHD) is associated 
with deficiencies in both cool and hot executive functioning (EF). Neuroimaging 
studies show cool EF-related hypoactivation of several brain networks in ADHD, 
such as the (dorsolateral and inferior) frontostriatal network, the frontoparietal 
network, and the ventral attention network. For hot EF, ADHD has been associ-
ated with hypoactivation of the ventral striatum. While oppositional defiant dis-
order (ODD) is highly comorbid with ADHD and has been associated with similar 
alterations, the impact of comorbid ODD on these findings is scarcely studied. 
Method. Three groups (mean age 17, range 8-26 years) were studied using func-
tional magnetic resonance imaging (MRI): ADHD+ODD, ADHD-only, and control 
subjects. Cool EF (working memory, WM [n=193], inhibition [n=221]) and hot EF 
(reward processing [n=168]) domains were assessed, and analyses included the 
moderators gender and scan site.
Results. For cool EF alterations for the comorbid group involved (for WM) area’s 
such as the precuneus, superior parietal, lateral occipital, and fusiform, and pre- 
and post-central gyri, while ADHD-only was associated with alterations in the 
postcentral gyrus and cerebellum. For inhibition, ADHD+ODD was associated 
with alterations in paracingulate and superior frontal gyri, in pre- and postcentral 
gyri (successful and failed inhibition), while ADHD-only involved postcentral and 
supramarginal gyri (successful inhibition), and the caudate and thalamus (failed 
inhibition). For hot EF (reward anticipation) only the ADHD+ODD group showed 
alterations: increased activity in the frontal pole. Covarying for level of ADHD 
symptoms did not change our findings.
Conclusion. ADHD+ODD and ADHD-only were associated with distinct altera-
tions in brain areas crucial for working memory, inhibition, and reward anticipa-
tion. This suggests that having both disorders does not simply result in a double 
burden in affected areas in terms of neural correlates.
Keywords: ADHD, ODD, Comorbidity, Functional MRI, Inhibition, Working 
Memory, Reward processing
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common 
childhood psychiatric disorders and is defined by developmentally inappropri-
ate levels of inattention and/or hyperactivity-impulsivity (American Psychiatric 
Association, 2013). Explanatory models of ADHD have suggested that the disorder 
is related to deficits in several domains of executive functioning (EF), defined as 
neurocognitive processes that enable an individual to maintain an appropriate 
problem-solving set in order to attain a certain goal (Diamond, 2013; Pennington 
& Ozonoff, 1996; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). EF can be 
divided in cool and hot EF. Cool EF is defined as goal-directed and problem-solv-
ing behaviours (i.e. working memory, inhibition, cognitive flexibility), not involv-
ing motivational or affective aspects (Diamond, 2013; Rubia, 2011). Hot EF, on the 
other hand, is defined as the motivational aspects of cognitive processing (i.e. 
reward sensitivity, emotional processing) (Blair & Lee, 2013; Kerr & Zelazo, 2004; 
Zelazo & Carlson, 2012). This distinction in EF is thought to be related to activity 
in more or less independent neural networks (Harms, Zayas, Meltzoff, & Carlson, 
2014; Noordermeer, Luman, & Oosterlaan, 2016; Sonuga-Barke, 2003).
 
ADHD has been related to behavioural deficits in both cool and hot EF. In terms 
of cool EF, an extensive review reported that individuals with ADHD show inferior 
performance in several cognitive domains including working memory, inhibition 
and set-shifting (Faraone et al., 2015). In terms of hot EF, individuals with ADHD 
show abnormalities in reward sensitivity. Compared with controls, individuals 
with ADHD prefer immediate rewards over delayed rewards and overestimate the 
value of the immediate rewards compared with delayed rewards (Faraone et al., 
2015). 
To elucidate the underlying brain mechanisms of deficits in hot and cool EF in 
individuals with ADHD, neuroimaging studies are crucial. Functional magnetic 
resonance imaging (fMRI) studies indicate that, when performing cool EF-related 
tasks, individuals with ADHD are characterized by hypoactivation of several net-
works, such as the (dorsolateral) frontostriatal network, the frontoparietal net-
work and the ventral attention network (Faraone et al., 2015; Rubia, 2011). Reduced 
activation of these networks has been associated with impairments in working 
memory, response inhibition and focussed attention. For hot EF, the majority 
of fMRI studies in individuals with ADHD focussed on reward sensitivity, and 
a comprehensive meta-analysis of these studies reported deficiencies in reward 
anticipation, associated with reduced activity of the ventral striatum (Furukawa 
et al., 2014; Plichta & Scheres, 2014). Further, although reported less consistently, 
reduced activity of the thalamus, amygdala, and anterior cingulate have been ob-
served in ADHD in relation to abnormalities in reward processing (Faraone et al., 
2015; Rubia, 2011).
 
A relatively ignored area in fMRI research is the role of comorbid oppositional 
defiant disorder (ODD) in ADHD, which is striking, since there is overlap at the 
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phenotypic, cognitive, and brain functioning level (Harvey, Breaux, & Lugo-
Candelas, 2016). ODD is present in up to 60% of clinically referred children with 
ADHD (Connor & Doerfler, 2008; Loeber, Burke, Lahey, Winters, & Zera, 2000), 
and is defined by a persistent pattern of irritable and angry mood, vindictiveness 
and developmentally inappropriate, negativistic, defiant, and disobedient behav-
iour toward authority figures (American Psychiatric Association, 2013). Compared 
with individuals with only ADHD or only ODD, individuals with comorbid ADHD 
and ODD show an earlier age of onset of both ADHD and ODD symptoms, exhibit 
more physical aggression and delinquency, and have a considerably worse progno-
sis (Anderson & Kiehl, 2012; Biederman et al., 2008; Loeber et al., 2000). Individu-
als with both disorders also show more EF impairments, such as poorer working 
memory, inhibition, and emotion recognition (Hobson, Scott, & Rubia, 2011; 
Loeber et al., 2000; Noordermeer et al., 2015). 
Despite the high comorbidity rates, knowledge of functional brain characteristics 
of individuals with ADHD without ODD (pure ADHD) and those with ADHD 
with ODD is scarce. For working memory, a consistent finding is reduced activity 
during working memory tasks for pure ADHD samples (Connor & Doerfler, 2008). 
However, brain activity during working memory has not been investigated in 
ADHD+ODD samples, even though behavioural studies do suggest that working 
memory abnormalities are present in ODD (Rhodes, Park, Seth, & Coghill, 2012). 
For inhibition, an extensive meta-analysis on brain activity in individuals with 
ADHD showed that at least 29% of the included samples comprised individuals 
with comorbid ODD, but the impact of this comorbid ODD was not investigated 
(Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013). Additionally, another study 
from our NeuroIMAGE group showed that a weaker inhibition network activation 
is related to lower levels of ADHD symptoms (Van Rooij et al., 2015). Sensitivity 
analyses that controlled for comorbid ODD, by excluding individuals with ODD, 
did not change the findings. However, brain activity related to the comorbid 
group was not investigated as this was not a study aim. One study so far investi-
gated functional neural correlates of inhibition in individuals with pure ODD and 
reported both increased and reduced activity in different frontal areas, compared 
with controls (Zhu et al., 2014), while no study specifically investigated individu-
als with ADHD+ODD. For hot EF, the impact of comorbid ODD on functional 
brain characteristics of individuals with ADHD has not been investigated so far, 
even though abnormalities in reward processing have been reported in ODD and 
conduct disorder (CD) (Byrd, Loeber, & Pardini, 2014), and reduced amygdala and 
striatum activity are key findings in functional imaging studies in these samples 
(Noordermeer et al., 2016). 
Concluding, there is a clear need for studies that investigate the impact of co-
morbid ODD on neural processing of cool and hot EF in individuals with ADHD, 
which was the aim of the current study. In order to clarify specificity of findings 
for different diagnostic groups, we performed re-analyses of published functional 
brain imaging findings from our group. We studied data of three fMRI tasks as-
sessing both cool and hot EF and compared functional activity of three groups: (1) 
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Individuals with both an ADHD and ODD diagnosis (ADHD+ODD), (2) individu-
als with only an ADHD diagnosis without ODD (ADHD-only), and (3) typically 
developing controls. This approach enables us to directly compare the comorbid 
group to individuals with ADHD-only, and gives more insight into brain function-
ing of both groups compared with when ODD is excluded post-hoc (Van Rooij et 
al., 2015), or when ODD is covaried for (Van Ewijk et al., 2014; Von Rhein, Cools, et 
al., 2015). The assessed tasks included two cool and one hot EF tasks, measuring 
response inhibition (Van Rooij et al., 2015) and visuospatial working memory , and 
reward anticipation and processing (Von Rhein, Cools, et al., 2015). We hypoth-
esized that brain activity abnormalities in both cool and hot EF would be more 
pronounced in the ADHD+ODD group than in the ADHD-only group, due to the 
double burden of both disorders in terms of hot and cool EF functioning (Faraone 
et al., 2015; Noordermeer et al., 2017; Noordermeer et al., 2016; Rubia, 2011). 
METHODS
Participants
Participants (mean age 17 years, range 8-26 years) were selected from the Neuro-
IMAGE cohort (Von Rhein, Mennes, et al., 2015). Inclusion criteria for the current 
study that applied to all participants were: European Caucasian descent, IQ ≥ 80 
(estimated with the Vocabulary and Block Design subtests of the Wechsler Intel-
ligence Scale for Children-III [WISC-III] or Wechsler Adult Intelligence Scale-III 
[WAIS-III], depending on the participant’s age), no diagnosis of autism, pervasive 
developmental disorder – not otherwise specified (PDD-NOS), Asperger’s dis-
order, anxiety disorder, depression, epilepsy, general learning difficulties, brain 
disorders, or known genetic disorders (such as Fragile X syndrome or Down syn-
drome). A total of 1,069 participants contributed data to NeuroIMAGE: 751 partici-
pants from ADHD families and 318 participants from control families (Von Rhein, 
Mennes, et al., 2015). ADHD families consisted of participants in the ADHD-only 
or ADHD + ODD group and their biological brothers or sisters, control families 
consisted of participants in the control group and their biological brothers or 
sisters. For the current study, only individuals with a current ADHD diagnosis (n = 
175) and typically developing individuals (n = 157) who underwent an fMRI scan-
ning session were included. Individuals with an ADHD diagnosis were divided in 
two groups: ADHD+ODD and ADHD-only. Typically developing controls were not 
allowed to have a past or current diagnosis of ADHD, ODD, or any other psychiat-
ric disorder. 
Not all participants in the NeuroIMAGE cohort underwent an MRI scanning ses-
sion due to contraindications for MRI (e.g. braces), and due to time restraints, 
assessment of the three tasks was assigned randomly, with each participants 
performing two of the three tasks. As a result, the final datasets included 221 
participants with data on the Stop task (32 ADHD+ODD, 78 ADHD-only, 111 
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controls), 193 participants with data on the Visuospatial working memory task (22 
ADHD+ODD, 66 ADHD-only, 105 controls), and 168 participants with data on the 
Reward task (22 ADHD+ODD, 70 ADHD-only, 76 controls). Since each participant 
performed two of the three tasks, the samples per task are partially overlapping.
Diagnostic Assessment
 
A full description is provided in previous work (Supplement 7.1 and Noordermeer 
et al., 2015). In short, participants were diagnosed with ADHD or ODD according 
to DSM-IV criteria using a combination of a diagnostic interview and question-
naire data. The diagnostic interview used to assess ADHD and ODD diagnoses 
was the Dutch translation of the Kiddie–Schedule for Affective Disorders and 
Schizophrenia for School-Age Children–Present and Lifetime Version (Kauf-
man et al., 1997). The questionnaires used were different versions of the Conners 
questionnaires, depending on the age of the participant. For participants aged up 
to 18 years old the interview data was combined with the Conners Teacher Rating 
Scale–Revised: Long version [CTRS-R:L] (Conners, Sitarenios, Parker, & Epstein, 
1998), while for participants aged 18 years and older the interview data was com-
bined with the Conners Adult ADHD Rating Scales–Self-Report:Long Version 
[CAARS-S:L] ((Conners, Erhardt, & Sparrowd, 1999). For participants using medi-
cation, ratings were done of participants’ functioning off medication. A diagnostic 
algorithm was applied to create a combined symptom count from the diagnostic 
interview and questionnaires (see Supplement).
Executive Functioning Tasks 
Visuospatial Working Memory - Spatial span task. Visuospatial working 
memory (VSWM) was assessed with an adapted version (Van Ewijk et al., 2014) of 
the task developed by Klingberg and colleagues (Klingberg, Forssberg, & Wes-
terberg, 2002; McNab et al., 2008). In short, there were baseline (control) and 
working memory trial types (96 trials in total, equally balanced) with two dif-
ferent memory loads (three [low load] versus six [high load] stimuli, for further 
information, see Supplement). Participants had to remember the spatial order of 
the presentation of a sequence of three (low load) or six (high load) yellow balls 
presented on a computer screen in a 4x4 grid. After the sequence was shown, 
participants were presented with a probe (number and question mark at a certain 
position in the grid) and had to respond with yes or no to indicate if the posi-
tion of the probe corresponded to a position on the grid that was occupied by the 
presented sequence. Accuracy, defined as percentage correct on working memory 
trials, controlled for accuracy on the baseline trials to exclude differences in basic 
processing and motivational deficits, was the behavioural dependent measure. For 
single subject fMRI analysis, one first-level contrast of interest was constructed: 
high versus low load, corrected for baseline activity, to model activation unique 
to the impact of working memory load. For the between-group analysis, pairwise 
group comparisons were assessed for this contrast.
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Inhibition – Stop task. The stop-signal task was used to assess response inhibi-
tion, using stop-signal reaction time (SSRT) as the behavioural dependent variable 
(Logan, Cowan, & Davis, 1984; Van Rooij et al., 2015). In short, there were go trials 
in which the participant had to press a button corresponding to the orientation 
of a pictured airplane as fast as possible (180 trials) and there were stop trials (60 
trials) in which the participant had to inhibit that response when a cross superim-
posed on the airplane was presented (for further information, see Supplement). 
For single subject fMRI analysis, two first-level contrasts of interest were con-
structed: 1) successful stop trials versus correct go trials to model activation unique 
to the successful inhibition process (Van Rooij et al., 2015) and 2) failed stop trials 
versus correct go trials to model activation unique to the failed inhibition process 
(Van Rooij et al., 2015). For the between-group analysis, pairwise group compari-
sons were assessed for both contrasts.
Reward Anticipation – Monetary Incentive Task. To assess reward anticipa-
tion and processing, an adapted version (Von Rhein, Cools, et al., 2015) of the 
monetary incentive task (MID) developed by Knutson and colleagues was used 
(Knutson, Fong, Adams, Varner, & Hommer, 2001; Von Rhein, Cools, et al., 2015). 
In short, participants were asked to respond as fast as possible by pressing a button 
within a given time window to a target that was preceded by a cue indicating if the 
participant could gain a monetary reward (for further information, see Supple-
ment). Mean reaction time on rewarded (n = 25) and neutral (n = 25) trials was the 
behavioural dependent measures. For single subject fMRI analysis, two first-level 
contrasts of interest were constructed: 1) rewarded cues - neutral cues to model 
activation unique to reward anticipation, and 2) (hit rewards – hit non-rewards) 
– (missed rewards – missed non-rewards), to model activation unique for reward 
receipt. This latter contrast was thought to have the highest sensitivity for the re-
ward prediction error (Sescousse, Caldu, Segura, & Dreher, 2013; Von Rhein, Cools, 
et al., 2015). For the between-group analysis, pairwise group comparisons were 
assessed for both contrasts.
Statistical Analyses
 
For the three tasks, groups were compared on demographic characteristics using 
analysis of variance (ANOVA) or chi-square tests. Task performance analyses were 
done using a Mixed Model approach, to control for age, gender and family rela-
tionship (i.e. brothers/sisters). When a significant main effect of group was found, 
post hoc pairwise group comparisons were used to locate the nature of the group 
effect. If the diagnostic groups differed on total ADHD symptom count, sensitivity 
analyses with total ADHD symptom count as a covariate were performed compar-
ing only the diagnostic groups.
For the MRI analyses, whole-brain analyses were conducted in FSL FEAT using 
a mixed effects model (FLAME1). To ensure robust cluster-level statistics, subse-
quent group-level correction for multiple comparisons was performed by using a 
z-statistic cluster thresholding of 2.3 and a family-wise-corrected cluster 
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significance threshold of p < 0.05 (Woo, Krishnan, & Wager, 2014). For each of the 
investigated contrasts the analyses were performed pairwise. 
To account for familial relations in the sample, sensitivity analyses excluding sib-
lings were performed to investigate the robustness of findings. Furthermore, if the 
diagnostic groups showed differences in brain activity for any of the contrasts and 
also differed on total ADHD symptom count, sensitivity analyses with total ADHD 
symptom count as a covariate were performed on a subsample that only included 
the diagnostic groups. This was to investigate the robustness of findings and as-
sess whether group differences were related to higher ADHD symptom count or to 
ODD. Finally, since for all three tasks the groups differed on mean age and per-
centage males, neuroimaging analyses on group differences were performed with 
gender and scansite as covariates.
Finally, for all three tasks, task-related brain activation across all subjects was as-
sessed to investigate if task neural activation correlated with task performance.
MRI acquisition and pre-processing 
 
MRI data were acquired at 1.5 Tesla on a Siemens Sonata scanner at the VU Medi-
cal Centre in Amsterdam and on a Siemens Avanto scanner at the Donders Centre 
for Cognitive Neuroimaging Nijmegen (Von Rhein, Mennes, et al., 2015). Both sites 
used a standard identical 8-channel phased array coil and closely matched scan 
parameters. Whole-brain high-resolution T1-weighted anatomical images were 
acquired in the sagittal plane: magnetization-prepared rapid acquisition gradient 
echo (MP-RAGE), echo time (TE)=2.95 ms, repetition time (TR)=2730 ms, inver-
sion time (TI)=1000 ms, flip angle (FA)=7°, using generalized auto-calibrating par-
tially parallel acquisition (GRAPPA) with 176 sagittal slices, voxel size 1x1x1 mm3, 
and acquisition matrix 256x256.
Functional images of each subject were realigned (using rigid body transforma-
tions), from which three translation and three rotation parameters were estimated, 
and subsequently images were slice-time-corrected using standard SPM8 rou-
tines (Statistical Parametric Mapping, Wellcome Trust Centre for Neuroimaging, 
London, UK). Subsequent fMRI data processing was carried out using FSL FEAT 
(FMRI Expert Analysis Tool; FMRIB Analysis group, Oxford, UK), including re-
moval of the first three volumes, spatial smoothing (6-mm full width at half maxi-
mum (FWHM) Gaussian kernel) and highpass filtering (100 s). Subsequently, each 
participant’s functional image was registered to his or her T1 image using linear 
registration in FLIRT (12 depth of field; DOF), followed by nonlinear registration 
of the images to the MNI152 template using FNIRT. 
 
In total, 8 participants were excluded from analysis due to incidental findings after 
visual inspection. Runs with >3 mm motion in any direction were excluded from 
analysis (as determined by the maximum absolute displacement throughout the 
entire run). This resulted in discarding data of 2 individuals for the Visuospatial 
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Working Memory task (1 control, 1 ADHD-only), 7 individuals for the Reward task 
(1 control, 1 ADHD-only, 5 ADHD+ODD), and 3 individuals for the Stop task (2 
control, 1 ADHD-only). 
 
Finally, for all three tasks, task-related brain activation across all subjects was as-
sessed to investigate if the task indeed measured the anticipated cognitive con-
structs by eliciting expected structures.
Procedure
 
The current study was part of a comprehensive assessment protocol encompass-
ing phenotypic, neurocognitive, and MRI assessments (Von Rhein, Mennes, et 
al., 2015). Since it has been shown that ADHD medication may have a normal-
izing effect on EF performance and brain activation patterns (Cubillo et al., 2014), 
participants were asked to withhold the use of psychoactive medication for 48 h 
before fMRI scanning. Those who were not able to comply were excluded from the 
analyses (n=23 subjects, abovementioned group sizes are after exclusion of these 
individuals). Prior to scanning, participants were familiarized with the scanning 
procedure and scanner sounds using a mock scanner to reduce anxiety and head 
movements. In addition, practice versions of the tasks were administered outside 
the scanner shortly before participants entered the scanner. During the testing 
day, participants were motivated with short breaks and they received a reward of 
€50 at the end of the day as well as a copy of their MRI scan results. Informed con-
sent was signed by all participants (for participants <12 years only parents signed 
informed consent, for participants between 12 - 18 years old both the participants 
and their parents signed, for participants >18 years only the participants signed). 
The study was approved by the local ethics committees.
  
RESULTS
Participants
Group characteristics for all included participants are provided in Table 7.1. The 
three groups did not differ on age, but there were more males in the ADHD-only 
group compared with the control group. Due to small samples differences (see 
methods), for the Stop task, there were more males in both the ADHD-only and 
ADHD+ODD group, compared with the control group. IQ was lower for the 
ADHD+ODD group compared with both the ADHD-only and control group, that 
did not differ from each other for the Working memory and Inhibition tasks.
For the Monetary Incentive Task, the ADHD-only group showed lower IQ scores 
than the ADHD+ODD group, that in turn showed lower IQ scores than the control 
group. For all tasks, the ADHD+ODD group had the highest levels of both ADHD 
and ODD symptoms, followed by the ADHD-only group, and the control group.
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Table 7.2. Group Characteristics - Working Memory task
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 22) (n = 66) (n = 105)
M SD M SD M SD
Accuracy (%)
Control 
low load
93.2 10.2 97.6 4.9 98.8 2.8 TDC = ADHD-only > 
ADHD+ODD ***
Control 
high load
97.1 5.1 99.0 3.9 99.6 1.2 TDC = ADHD-only > 
ADHD+ODD **
Working memory 
low load a
68.2 19.4 78.7 14.0 81.8 12.6 ns
Working memory 
high load a
66.1 14.9 73.8 11.8 75.8 11.8 TDC = ADHD-only > 
ADHD+ODD *
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ns = not significant; ODD = Oppositional 
Defiant Disorder; TDC = Typically Developing Controls.
a Group comparisons calculated with performance at control condition as covariate
* p < .05, ** p < .01, *** p < .001 
Table 7.3. Group Characteristics - Stop task
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 22) (n = 66) (n = 105)
M SD M SD M SD
Stop Signal 
Reaction Time 
(ms)
293 52 252 54 254 45 ADHD+ODD > TDC, ADHD-only ***
ADHD-only = TDC
Commissions 
(N)
4.59 4.23 2.47 2.52 2.19 2.20 ADHD+ODD > TDC, ADHD-only *** 
ADHD-only = TDC
Omissions 
(N)
3.19 6.82 1.58 3.40 0.93 2.66 ADHD+ODD > TDC  **
ADHD+ODD = ADHD-only
ADHD-only = TDC
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ms = milliseconds; ODD = Oppositional 
Defiant Disorder; TDC = Typically Developing Controls.
** p < .01, *** p < .001 
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Visuospatial Working Memory - Spatial span task.
Task performance of the three groups is shown in Table 7.2. Analyses on the 
VSWM task indicated no group differences in accuracy on the low load condition 
(corrected for control accuracy) (p = .058), but there were group differences on the 
high load condition (corrected for control accuracy) (p = .030). Post-hoc analyses 
showed that this latter effect was driven by the ADHD+ODD group that performed 
worse than the ADHD-only group (p = .016) and the control group (p = .012). The 
ADHD-only group did not differ from the control group (p = .921). No significant 
memory load by group interaction was found (p > 0.05). The significant group dif-
ference in task performance in the high load condition between the ADHD+ODD 
group and the ADHD-only group was no longer present when controlling for total 
ADHD symptom count.
Neuroimaging outcomes – main analyses. Task-related brain activity across 
subjects for the memory load contrast (low versus high) showed the expected 
activation in frontal and parietal areas and in the cerebellum, as often reported for 
visuospatial working memory tasks (Baier, Muller, & Dieterich, 2014; Klingberg, 
2006; Klingberg et al., 2002; Nelson et al., 2000; Van Ewijk et al., 2015). 
Figure. 7.1. Clusters showing differential activation for the impact of working memory load 
during the visuospatial working memory task.  
ADHD = Attention-Deficit/Hyperactivity Disorder, ODD = Oppositional Defiant Disorder, 
R = right side, TDC = Typically Developing Controls.
7
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Group differences were present for the working memory load (low versus high) 
contrast in five clusters, see Table 7.5 and Figure 7.1. The ADHD+ODD group, 
compared with the control group, showed reduced activity in one clusters includ-
ing the left precuneus and superior parietal and lateral occipital gyri, and in a 
second cluster including the left occipital fusiform gyri. The ADHD-only group 
showed increased activity in one cluster including the right postcentral gyrus and 
reduced activity in one cluster including in the right cerebellum compared with 
the control group. The comparison of ADHD-only and the ADHD+ODD group, 
indicated increased activity in the ADHD-only group in one cluster including the 
left pre- and postcentral gyri. Neural activation showed no significant correlation 
with behavioural performance on either the low load (r = .048, p = .511) or the high 
load condition (r = -.034, p = .637) of the task.
Neuroimaging outcomes – sensitivity analyses. When excluding siblings (40 in 
total; 2 individuals with ADHD+ODD, 6 individuals with ADHD-only, 32 controls) 
to control for possible confounding effects of familial relations, both the group 
difference in the cerebellum for the ADHD-only group compared with the control 
group and group difference in the occipital fusiform gyrus for the ADHD+ODD 
group compared with the control group were no longer significant.
 
After correcting for ADHD symptom count, the reported reduced activity in one 
large cluster including the left precentral/postcentral gyrus in the ADHD+ODD 
group compared with ADHD-only group became significant in several (smaller) 
clusters, located in the bilateral precentral-postcentral gyrus.
Inhibition – Stop task.
Task performance of the three groups is shown in Table 7.3. Analyses indicated 
a group effect for SSRT (p < .001), with post-hoc analyses showing that this was 
driven by prolonged SSRTs in the ADHD+ODD group compared with both the 
ADHD-only group (p < .001) and the control group (p = .001). The ADHD-only 
and control group did not differ on SSRT (p = .877). The group difference in SSRT 
between the ADHD+ODD group and the ADHD-only group remained significant 
when controlling for total ADHD symptom count.
Neuroimaging outcomes – main analyses. Task-related brain activity across 
subjects showed the expected activation in, among others, the middle/inferior 
frontal gyrus, superior frontal gyrus, and anterior cingulate cortex, in line with 
previous literature (Hu, Ide, Zhang, & Li, 2016; Janssen, Heslenfeld, van Mourik, 
Logan, & Oosterlaan, 2015; Simmonds, Pekar, & Mostofsky, 2008; Van Rooij et 
al., 2015). Significant group differences were present for the successful stop – go 
contrast (successful inhibition) in three clusters, see Table 7.5 and Figure 7.2. The 
ADHD-only group, compared with the control group, showed reduced activity in 
two clusters: the right postcentral gyrus and the left postcentral and supramar-
ginal gyrus. 
7
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Figure 7.2. Clusters showing differential activation for the successful inhibition contrast 
of the Stop task. ADHD = Attention-Deficit/Hyperactivity Disorder, ODD = Oppositional 
Defiant Disorder, R = right side, TDC = Typically Developing Controls.
Figure 7.3. Clusters showing differential activation for the failed inhibition contrast of the 
Stop task. ADHD = Attention-Deficit/Hyperactivity Disorder, ODD = Oppositional Defiant 
Disorder, R = right side, TDC = Typically Developing Controls.
7
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Furthermore, the ADHD-only group, compared with the ADHD+ODD group, 
showed reduced activity in one cluster that included the right postcentral gyrus. 
For this contrast, neural activation showed no significant correlation with behav-
ioural performance on the task (r = .095, p = .157).
Significant group differences were also present in four clusters for the failed 
stop – correct go contrast (failed inhibition), see Table 7.5 and Figure 7.3. The 
ADHD+ODD group showed reduced activity in a cluster including the left par-
acingulate/superior frontal gyrus compared with both the ADHD-only group and 
the control group. Furthermore, the ADHD+ODD group showed increased activity 
in a cluster including the right pre-/postcentral gyrus compared with the control 
group. The ADHD-only group showed increased activity in the fourth cluster, that 
included the left caudate and thalamus, compared with the control group. For this 
contrast, neural activation did show a significant correlation with behavioural per-
formance on the task, r = -.156, p = .020. Stronger activation was associated with 
better performance (smaller SSRT).
Neuroimaging outcomes – sensitivity analyses. Results of analyses excluding 
siblings (47 in total; 5 individuals with ADHD+ODD, 6 individuals with ADHD-
only, 36 controls) did not differ from the aforementioned findings for either of the 
contrasts.
After correcting for ADHD symptom count, aforementioned differences between 
diagnostic groups remained significant. Thus for the successful stop – go contrast 
(successful inhibition) the reduced activity in the right postcentral gyrus in the 
ADHD-only compared with the ADHD+ODD group remained significant. In addi
tion, for the failed stop – correct go contrast (failed inhibition) the reduced activity 
in the left paracingulate and superior frontal gyrus for the ADHD+ODD group 
compared with the ADHD-only group remained significant.
Reward Sensitivity – Monetary Incentive Task.
Task performance of the three groups is shown in Table 4. Analyses showed group 
differences for the difference in mean reaction time on rewarded trials and non-
rewarded trials (p = .001), with post-hoc analyses showing that this was driven by 
a larger decrease in mean reaction time in rewarded trials in the ADHD+ODD 
group compared with both the ADHD-only group (p = .015) and the control group 
(p < .001). The ADHD-only and control group did not differ (p = .097). The group 
difference between the ADHD+ODD group and the ADHD-only group remained 
when controlling for total ADHD symptom count.
Neuroimaging outcomes – main analyses. Task-related brain activity across 
subjects showed activation in, among others, the anterior cingulate cortex and the 
striatum, which is in line with previous literature (for review see Haber & Knutson, 
2010). 
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Significant group differences were present for the anticipation contrast (reward 
versus neutral) in one cluster, see Table 7.5 and Figure 7.4. The ADHD+ODD 
group showed increased activity in the left frontal pole compared with the control 
group. The ADHD-only group did not differ from the control group, nor were there 
differences between the diagnostic groups. Activation in the cluster showed no sig-
nificant correlation with behavioural performance on the task (r = -.081, p = .299). 
For the reward receipt contrast, no group differences were observed.  
Neuroimaging outcomes – sensitivity analysis. Excluding siblings (34 in total; 
2 individuals with ADHD+ODD, 9 individuals with ADHD-only, 23 controls), did 
not change the aforementioned findings.
Table 7.4. Group Characteristics - Monetary Incentive Delay task
ADHD+ODD  ADHD-only TDC Group comparisons
(n = 22) (n = 70) (n = 76)
M SD M SD M SD
Mean Reaction 
Time Nonreward 
(ms)
263 29 253 25 256 26 ns
Mean Reaction 
Time Reward 
(ms)
243 24 244 21 251 20 ns
Difference score 
(ms)
21 18 8 21 5 21 ADHD+ODD > TDC ***
ADHD+ODD > ADHD-only *
ADHD-only = TDC
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ms = milliseconds; ns = not significant; 
ODD = Oppositional Defiant Disorder; TDC = Typically Developing Controls.
* p < .05, *** p < .001 
Figure 7.4. Cluster showing dif-
ferential activation for the reward 
anticipation contrast of the Monetary 
Incentive delay task.
ADHD = Attention-Deficit/Hyperac-
tivity Disorder, ODD = Oppositional 
Defiant Disorder, R = right side, TDC 
= Typically Developing Controls.
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DISCUSSION
In the current study, the impact of comorbid ODD on cool and hot EF-related 
neural functioning of individuals with ADHD was investigated by comparing indi-
viduals with ADHD+ODD, individuals with ADHD-only, and typically developing 
controls. Behavioural results showed impaired working memory, worse inhibition, 
and abnormal reward processing only for the ADHD+ODD group, compared with 
both the ADHD-only group and the control group. Neuroimaging results revealed 
distinct alterations for the ADHD+ODD and ADHD-only group; brain alterations 
were not more pronounced in the ADHD+ODD group compared with the ADHD-
only group. This suggests that having the simultaneous presence of both disorders 
does not simply result in a double burden in affected areas in terms of neural cor-
relates.
In terms of working memory, both diagnostic groups showed alterations in brain 
activity compared with controls, but in different regions. Thus, the findings did 
not support our hypothesis that largest effects were expected in the comorbid 
group. The ADHD+ODD group, compared with controls, showed reduced activa-
tion in a cluster encompassing the left precuneus, superior parietal gyrus, and 
lateral occipital gyrus and a cluster encompassing the left occipital fusiform gyrus. 
These regions are all functionally involved in visuospatial working memory: the 
precuneus is involved in visual memory retrieval (Callicott et al., 1999; Fletcher, 
Frith, & Rugg, 1997), the superior parietal gyrus is critical for manipulation of 
information in working memory (Koenigs, Barbey, Postle, & Grafman, 2009), the 
lateral occipital gyrus plays an important role in object recognition (Grill-Spector, 
Kourtzi, & Kanwisher, 2001), and the occipital fusiform gyrus is involved in pro-
cessing shape information (Yang, Deng, Xing, Xia, & Li, 2015). Although group 
differences were only present when working memory load was high, brain activity 
was not related to working memory performance, suggesting that group differ-
ences are related to performance-irrelevant visual information processing activity. 
In terms of neural correlates, controlling for the level of ADHD symptoms did not 
affect the findings.
 
Contrary to our hypothesis, the inferior task performance of the individuals with 
ADHD+ODD, compared with both individuals with ADHD-only and controls, 
seemed to be driven mostly by higher levels of ADHD symptoms relative to ODD 
symptoms, since the behavioural abnormalities were no longer present after con-
trolling for the level of ADHD symptoms. Individuals with ADHD-only showed 
increased activity in the left precentral and postcentral gyri, compared with both 
controls and individuals with ADHD+ODD. Additionally, the ADHD-only group, 
compared with controls, showed reduced activity in the right cerebellum. It could 
be speculated that on a behavioural level, the decrease in cerebellar activity is 
compensated by the increase in activity in the precentral gyrus, since both areas 
are implicated in motor functioning (Ackerman, 1992; Schmahmann & Sherman, 
1998). This could explain the finding that the ADHD-only group showed no behav-
ioural deficits, but it is unclear why this would be driven by areas involved in mo-
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tor functioning. Thus, even though compensatory mechanisms have been reported 
for inhibitory tasks in individuals with ADHD (Ma et al., 2012), this is speculative 
and needs further investigation in relation to working memory. 
The findings of reduced activity in the left occipital fusiform for the ADHD+ODD 
group compared with the control group and in the right cerebellum for the AD-
HD-only group compared with the control group were no longer significant when 
excluding siblings from the analyses. Although the total sample size only slightly 
reduced from 193 to 153, this indicates these findings may not be very robust. Since 
80% of the excluded siblings were part of the control group, another explanation 
may be that the exclusion of siblings reduced the variance in brain activity pre-
dominantly in the control group due to the heritability of brain activity in working 
memory tasks: this may have resulted in more uniform brain activity patterns in 
siblings (Blokland et al., 2011). 
 
In terms of inhibition, both diagnostic groups showed alterations in brain activ-
ity in different regions. Compared with the control and ADHD-only groups, the 
ADHD+ODD group showed decreased activity in the paracingulate gyrus and 
superior frontal cortex as well as increased activity in the right precentral and post-
central gyri, but only during failed inhibition. These alterations were underlying 
the poor inhibitory abilities of individuals with ADHD+ODD, relative to individu-
als with ADHD-only and typical controls. The increased activity in the precentral 
and postcentral gyri, important motor and somatosensory areas, respectively, 
may be due to the higher number of commission errors made by individuals with 
ADHD+ODD. Since controlling for the level of ADHD symptoms did not affect 
the behavioural or neural alterations in the ADHD+ODD group, these alterations 
seem to be primarily driven by the presence of comorbid ODD in individuals with 
ADHD.
 
The ADHD-only group showed altered brain activity during both successful and 
failed inhibition, albeit in different regions and directions. During successful inhi-
bition, the ADHD-only group showed reduced activity in right postcentral gyrus 
and the left postcentral/supramarginal gyrus. These areas have been implicated 
in attentional processes (Ackerman, 1992), suggesting functional alterations in 
the ADHD-only group. However, individuals with ADHD-only showed normative 
performance on all aspects of inhibitory abilities. This may, again, suggest that the 
altered activity is a compensatory mechanism for individuals with ADHD-only. A 
previous study did indeed show compensatory brain activation in children with 
ADHD, albeit increased rather than decreased activity in more posterior and dif-
fusive brain regions (Ma et al., 2012). During failed inhibition, individuals with 
ADHD-only showed increased activity in the left caudate and thalamus, areas 
crucial for inhibitory control (Aron et al., 2003). Since during inhibition these 
areas usually show reduced activation, the increased activity in individuals with 
ADHD-only suggests a deficient suppression of activity in these regions. Remark-
ably however, as stated before, this was not reflected in poor inhibitory abilities, 
since these were only present in the ADHD+ODD group.
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 In terms of reward processing, only the ADHD+ODD group, compared with 
controls, showed alterations in brain activation during reward anticipation, spe-
cifically increased activation in the left frontal pole. This suggests a higher task 
engagement, when individuals with ADHD+ODD expect a reward to be present. 
In line with this suggestion, a disproportionally large decrease in reaction time for 
rewarded trials in the ADHD+ODD group compared with the ADHD-only and the 
control group was present. However, brain activation was not correlated with task 
performance, implying a non-linear or indirect association. Although group differ-
ences were not present in expected areas (e.g., ventral striatum), our findings are 
in line with the hypothesis that alterations are largest for the ADHD+ODD group. 
Findings did not change when controlling for level of ADHD symptoms. This is in 
line with previous findings that hot EF problems are associated with ODD rather 
than ADHD (Byrd et al., 2014; Hobson et al., 2011; Noordermeer et al., 2015; Oost-
erlaan, Scheres, & Sergeant, 2005). 
 
The regions that emerged as showing neural alterations for both cool and hot EF 
in the present study somewhat contrast previous findings (Faraone et al., 2015; 
Rubia, 2011). Previous work on cool EF in ADHD samples has revealed reduced 
activity in the dorsolateral prefrontal cortex and posterior parietal cortex for work-
ing memory, alterations in the inferior frontal gyrus for inhibition, and alterations 
in the ventral striatum for reward anticipation. Although the tasks did activate 
these typical areas, no group differences were found in the current study unlike our 
earlier studies with a partially overlapping sample (Van Ewijk et al., 2014; Van Rooij 
et al., 2015; Von Rhein, Cools, et al., 2015). Although the current study’s sample 
largely matched those studies’ samples, we used a different approach in terms 
of grouping the individuals, which may have reduced the power to detect group 
differences in the ADHD sample. Additionally, the current study used very strict 
inclusion criteria, resulting in the absence of individuals with comorbid diagnoses 
such as depression, anxiety, and PDD-NOS. Nevertheless, current findings may 
suggest that previously reported alterations in activity may be partly driven by 
comorbid ODD.
Even though our study has some important strengths, such as the large sample siz-
es per task and the thoroughly phenotyped individuals, there are some limitations 
that need to be acknowledged. First, due to the division in three groups, sample 
sizes were substantially smaller than in previous studies from our group. Second, 
in terms of EF tasks used, it should be noted that due to the adjustments made to 
the reward processing task (i.e. reduced reward probability and reduced monetary 
reward), the sensitivity of the current task to detect group differences in reward 
anticipation and receipt may have been too low (Plichta & Scheres, 2015). Never-
theless, in the original paper with a partially overlapping sample, differences in 
reward receipt were reported for the ADHD group (Von Rhein, Cools, et al., 2015), 
which became nonsignificant here when analysing children with ADHD+ODD 
separately from children with ADHD-only. Third, our groups included a relative 
large number of siblings, especially in the typically developing group. However, we 
controlled for this by re-analysing the data while excluding the siblings. Findings 
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of these analyses were largely in line with the overall findings, indicating only a 
small effect of heritability and only during the working memory task. 
To conclude, the current study showed disorder-specific alterations during both 
cool and hot EF, rather than a stepwise pattern of alterations for individuals 
with ADHD+ODD compared with ADHD-only and controls. Alterations in the 
ADHD+ODD group were primarily driven by the presence of comorbid ODD. 
Furthermore, although both diagnostic groups showed alterations in brain activity, 
robust behavioural deficits in inhibition and reward sensitivity were only present 
in individuals with ADHD+ODD. Our findings demonstrate that altered neural 
activity does not link linearly to behavioural deficiencies, perhaps due to compen-
satory neural mechanisms. Moreover, our findings indicate that it is of importance 
to take comorbid ODD into account when studying neural correlates of cool and 
hot EF in individuals with ADHD. Unexpectedly, involvement of (dorsolateral) 
frontostriatal and frontoparietal networks and the ventral striatum in ADHD was 
not confirmed.
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SUPPLEMENT 7.1
Diagnostic assessment
Diagnostic assessment of all participants included the comprehensive assessment 
of ADHD and ODD symptoms, with a diagnostic interview (Kiddie–Schedule 
for Affective Disorders and Schizophrenia for School-Age Children–Present and 
Lifetime Version [K-SADS-PL; Kaufman et al., 1997) and a version of the Conners’ 
questionnaires. For participants up to 18 year old the Conners Teacher Rating 
Scale–Revised: Long version (CTRS-R:L) was used (C. K. Conners et al., 1998). 
For participants of 18 year and old the Conners Adult ADHD Rating Scales – Self-
Report: Long Version (CAARS-S:L) was used (Conners et al., 1999).The CTRS-R:L 
assesses both ADHD and ODD symptoms, whereas the CAARS-S:L assesses only 
ADHD symptoms. 
For ADHD, a diagnostic algorithm was applied to combine symptom counts on the 
K-SADS and CTRS-R:L (for participants <18 years) or CAARS-S:L (for participants 
≥18), both providing operational definitions of ADHD defined by the Diagnos-
tic and Statistical Manual of Mental Disorders (DSM-IV) (American Psychiatric 
American Psychiatric Association, 2000). Participants with ADHD were required 
to obtain a combined symptom count of ≥6 symptoms of hyperactive/impul-
sive behaviour and/or inattentive behaviour, provided they (a) met the DSM-IV 
criteria for pervasiveness and impact of the disorder (K-SADS), (b) showed an age 
of onset before 12 (K-SADS), and (c) received a T ≥ 63 on at least one of the DSM 
ADHD scales (Total, Inattentive behaviour, Hyperactive/ Impulsive behaviour) on 
either one of the Conners questionnaires. Likewise, for ODD, a diagnostic algo-
rithm was applied to combine symptom counts on the K-SADS and CTRS-R:L (for 
participants <18 years), both providing operational definitions of ODD defined 
by the DSM-IV (American Psychiatric American Psychiatric Association, 2000). 
Participants with ODD were required to obtain a combined symptom count of ≥4 
symptoms of oppositional behaviour, provided they (a) met the DSM-IV criteria 
for pervasiveness and impact of the disorder (K-SADS), and (b) received a T ≥63 on 
the DSM Oppositional behaviour scale of the CTRS-R:L.
Assessed tasks
Visuospatial working memory task. In the spatial span task that was used to 
measure visuospatial working memory (VSWM) is an adapted version of a task 
developed by Klingberg and colleagues (Klingberg et al., 2002; McNab et al., 
2008; Van Ewijk, Heslenfeld, Luman, et al., 2014). The tasks consisted of two trial 
types, baseline and working memory, and two memory loads, low and high. Each 
trial consisted of a sequence of either three (low load) or six yellow circles (high 
memory load), displayed on a 4×4 grid for 500 ms each, with a 500 ms inter-stimu-
lus interval in between (see Figure S7.1). Subsequently, during a 2000 ms response 
window, a probe consisting of a number with a question mark was presented in
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one of the 16 locations. During working memory trials, participants were asked 
to remember the spatial location and temporal order of the presentation of 
cues. They had to indicate with either a ‘yes’ response (left button press) or a ‘no’ 
response (right button press) if the location of the probe corresponded to the loca-
tion of the circle with the indicated temporal position.  During baseline trials, red 
circles followed by the probe (always the number 8) were presented sequentially 
in the four corners of the grid in a predictive manner. Participants were required to 
pay attention but not to try to remember the sequence, and always had to press the 
‘no’ button. During both conditions, feedback was presented after the response in 
the form of a green or red coloured bar below the probe (for correct and incorrect 
responses, respectively), for the remainder of the response window. Each trial was 
followed by a 3000-ms intertrial interval, consisting of a black screen. The task was 
administered in four blocks of 24 trials each (presented in fixed random order), 
with a short break in between blocks to motivate participants and to avoid fatigue 
effects, with a total task duration of approximately 16 min.
Figure S7.1. Schematic overview of a working memory trial with low memory load on the 
visuospatial working memory task. The depicted trial consisted of a sequence of three 
circles, displayed on a 4×4 grid for 500 ms each, with a 500-ms interstimulus interval in 
between (stimulus presentation). Subsequently, during a 2000-ms response window, the 
probe was presented and the participant was required to press a response button (probe), 
after which feedback was presented for the remainder of the response window (response 
and feedback).
Stop task. A visual version of the stop signal task (Logan et al., 1984) was used, 
in which participants had to respond as quickly as possible to a go-stimulus by 
left or right button press, unless shortly after presentation the go-stimulus was 
followed by a stop signal, in which case they were to withhold their response (25% 
of trials). Task difficulty was adaptive, meaning delays between the go- and stop 
stimulus were adjusted by 50 ms after every failed or successful response, leading 
to an approximately 50% success rate on the stop-trials for all subjects (except for 
the aforementioned six removed from the data). The task consisted of two practice 
blocks and four test blocks, each consisting of 60 trials. The Stop Signal Reaction 
Time (SSRT) was calculated by subtracting the eventual delay between the go and 
stop signals. Secondary task outcome measures were the omission and commis-
sion errors. 
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Monetary Incentive Delay task. A modified version of the Monetary Incentive 
Delay (MID) task (Knutson et al., 2001; von Rhein, Cools, et al., 2015) was used, 
in which participants were asked to respond as quickly as possible to a target by 
pressing a button. Prior to the display of this target, a cue (a coloured square) 
was presented to indicate whether a reward could be obtained: a green square for 
reward trials, a red for non-reward (neutral) trials (duration 3.5–8.5 s [jittered]). 
Every trial ended with a feedback screen informing about the outcome of the cur-
rent trial: a “0” (neutral trials) or a “+1” (rewarded trials), displayed for 1,650 ms 
(fixed) and followed by a blank screen (500 ms [fixed]; see Figure S7.2). Partici-
pants could gain 20 cents in the rewarded trials and no money in the neutral trials 
if they responded within the presentation time of the target. Target presentation 
time was tailored to the participants’ performance by shortening presentation by 
20 ms after hits and prolonging it by 10 ms after misses, so that success rate was ap-
proximately 33%. Adaptation of presentation times was done for the rewarded and 
neutral conditions separately to balance the amount of hits on both trial types. 
The task consisted of 25 rewarded and 25 neutral trials presented in randomized 
sequence. To improve design efficiency, 25 trials without events were interleaved 
with the experimental trials. Figure S2 illustrates the used MID task schematically.
Compared with the original task, our version differed on 2 main aspects: hit rate 
(33% versus 66%) and reward magnitude (€0.20 versus $5). The rationale behind 
these adaptations was firstly to increase the demands of the task with stronger task 
engagement as a result. Secondly, our adaptations aimed at meeting the practical 
constraints of our study. Considering that we limited ourselves to rewarded and 
neutral conditions, rewarding participants according to the original task param-
eters would have led to disproportionate monetary rewards (approximately €80), 
which was a concern for us and our ethical review board. 
Figure S7.2. Schematic overview of the Monetary Incentive Delay task.
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Von Rhein, D., Cools, R., Zwiers, M. P., van 
der Schaaf, M., Franke, B., Luman, M., . . . 
Buitelaar, J. (2015). Increased neural responses 
to reward in adolescents and young adults 
with attention-deficit/hyperactivity disorder 
and their unaffected siblings. J Am Acad Child 
Adolesc Psychiatry, 54(5), 394-402.
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MAIN FINDINGS
This thesis aimed to elucidate risk factors associated with a comorbid ODD diag-
nosis in individuals with ADHD, as well as the impact of a comorbid ODD diag-
nosis on neurocognitive and brain characteristics of individuals with ADHD. We 
hypothesized that (1) some of the previously reported characteristics reported to 
be associated with ADHD are in fact related to comorbid ODD, that (2) individuals 
with ADHD+ODD show the separate characteristics of both disorders, and that (3) 
individuals with ADHD+ODD show a double burden, reflected in larger impair-
ments in domains that are implicated in both ADHD and ODD, compared with 
either of the disorders in singularity. Studying these hypotheses is of great impor-
tance since the aetiology and characteristics of this comorbid group are still poorly 
understood, even though the prevalence of a comorbid ODD diagnosis in individ-
uals with ADHD is substantial and ranges from around 50% in the general popu-
lation to up to 65% in clinical settings (American Psychiatric Association, 2013; 
Barkley, Anastopoulos, Guevremont, & Fletcher, 1992; Connor & Doerfler, 2008; 
Kuhne, Schachar, & Tannock, 1997). Moreover, individuals with both ADHD and 
ODD have a considerably worse prognosis than individuals with either one of the 
disorders, both in terms of an increased risk to develop other psychiatric disorders, 
as well as in terms of educational and vocational perspectives (Anderson & Kiehl, 
2012; Loeber, Burke, Lahey, Winters, & Zera, 2000). We used a two-fold approach, 
studying risk factors and neurocognitive functioning in Part I, and studying brain 
characteristics in Part II. In the majority of our studies (except our review and 
meta-analysis [Chapter 4] and our study on structural connectivity [Chapter 6]), 
we compared three groups of extensively (endo)phenotyped individuals: Those 
with both an ADHD and ODD diagnosis, those with only an ADHD diagnosis, 
and a group of typically developing controls. Participants were selected from the 
NeuroIMAGE cohort (Von Rhein et al., 2015), which included a total of 1069 par-
ticipants: 751 children from ADHD families and 318 children from control families. 
ADHD families consisted of participants in the ADHD-only or ADHD+ODD group 
and their biological brothers or sisters, control families consisted of participants in 
the control group and their biological brothers or sisters. For the exact number of 
included individuals per study and the specific aims and main findings, see Table 
8.1 for an overview. The results of our studies are summarised below.
Part I – Risk factors & Neurocognitive functioning 
 
In our study on risk factors (Chapter 2) and how these may differ between in-
dividuals with ADHD-only and individuals with ADHD+ODD, we found both 
overlapping and unique risk factors for the diagnostic groups. In addition to a 
high percentage of explained deviance (ranging from 58% to 62%), the sets of risk 
factors showed high specificity (95% and 98%) and sensitivity (87% and 80%) 
when differentiating between the control group and either the ADHD+ODD or 
the ADHD-only group, respectively. When differentiating between the ADHD-
only and ADHD+ODD group, thus predicting the presence of comorbid ODD, the 
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explained deviance was 16%, the specificity 57%, and the sensitivity 90%. For both 
ADHD-only and ADHD+ODD, important risk factors were postnatal factors (ad-
verse life events) and transgenerational influences (parental ADHD). However, ad-
verse life events was an even stronger risk factor for the development of comorbid 
ODD in individuals with ADHD, than for the development of ADHD-only. Moreo-
ver, both postnatal adversities (socioeconomic status, deviant peer affiliation), and 
negative transgenerational influences (parental criticism) were additional factors, 
that were uniquely associated with the comorbid ADHD+ODD group. Finally, 
for the development of ADHD-only, maternal smoking was a unique factor. The 
reported risk factors were significant for all ages. 
In terms of neurocognitive functioning a similar pattern of overlapping and unique 
characteristics for the diagnostic groups was found (Chapter 3). Both the ADHD-
only group and the ADHD+ODD group were associated with impairments in cool 
EF (working memory) and temporal processing (time production). In addition, 
the ADHD+ODD group was associated with more extended impairments in cool 
EF (both working memory and inhibition) and in temporal processing (both time 
production and reproduction), as well as with a unique impairment in hot EF 
(emotion recognition). There were no unique neurocognitive correlates of ADHD-
only. Since the diagnostic groups did not differ in their levels of ADHD symptoms, 
we can conclude that both findings on risk factors (Chapter 2) and neurocognitive 
functioning (Chapter 3) are presumably driven by the presence of comorbid ODD, 
rather than by ADHD. 
Concluding, the findings of Part I of this thesis are in line with all three of our 
hypotheses, since it is clear that previous inconsistent findings on ADHD in terms 
of risk factors and neurocognitive functioning (hypothesis I), particularly in the 
domain of emotion recognition (see Chapter 3), may very well be due to the lack 
of studies that have taken the presence of comorbid ODD into account. Moreover, 
our findings suggest that individuals with ADHD+ODD show the features of both 
ADHD and ODD (hypothesis II), and that ADHD+ODD is associated with a dou-
ble burden (hypothesis III) in terms of both a greater quantity of risk factors and 
more widespread neurocognitive impairments.
Part II – Brain characteristics 
 
To understand the impact of a comorbid diagnosis of ODD on structural and 
functional brain characteristics associated with ADHD, it is important to unravel 
both the characteristics that are associated with ADHD+ODD and ODD itself. 
However, knowledge on brain characteristics associated with either ADHD+ODD 
or ODD in singularity is very limited. Therefore, we performed a systematic review 
and meta-analysis of neuroimaging in individuals with ODD and/or CD, in which 
we took the role of a comorbid ADHD diagnosis into account (Chapter 4). A total 
of 29 studies was included, of which 12 structural and 17 functional MRI studies. 
Involved structures were divided into functional areas related to either cool EF, e.g. 
the dorsolateral prefrontal cortex and the cerebellum (Prencipe et al., 2011; Rubia, 
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2011; Yang & Raine, 2009), or hot EF, e.g. the amygdala, anterior cingulate cortex, 
insula and orbitofrontal cortex (Crowe & Blair, 2008; Prencipe et al., 2011; Rubia, 
2011). Taken together, our findings showed the involvement of some cool EF (e.g. 
precuneus), but predominantly hot EF (e.g. amygdala) associated brain areas in 
individuals with ODD/CD. Overall, ODD/CD compared with controls was related 
to smaller brain structures and hypoactivation in several areas. Importantly, we 
found the involvement of the amygdala and insula to be unique for ODD/CD 
compared with ADHD. These findings are in line with the behavioural difficulties 
observed in individuals with ODD and CD, among which difficulties in emotion 
processing and reduced self-control.
In our surface-based morphometry study (Chapter 5), we investigated the specific 
impact of a comorbid ODD diagnosis on structural abnormalities in individuals 
with ADHD, by comparing the two diagnostic groups and controls on grey matter 
volume, cortical thickness and surface area. We only found group differences in 
terms of grey matter volume, for which stepwise volumetric reductions in (mainly) 
frontal areas were present, with the largest reduction for the ADHD+ODD group 
followed by the ADHD-only group, including the lateral and medial orbitofrontal 
cortex, caudal middle frontal cortex and superior frontal gyrus. These findings 
suggest a double burden (greater severity) in abnormalities in areas that are as-
sociated with both ADHD and ODD. Additionally, the comorbid group showed 
unique reductions in grey matter volume in several other structures, such as the 
precuneus and pars triangularis. Interestingly, these structures were associated 
with ODD/CD in our meta-analysis (Chapter 4) as well, indicating that ODD, 
rather than ADHD, may carry the abnormalities in these regions in individuals 
with both ADHD and ODD. With respect to structural connectivity (Chapter 6), 
we compared an ADHD+ODD group to an ADHD-only group and found a similar 
stepwise pattern. Specifically, there was a double burden effect of comorbid ODD 
on white matter (WM) integrity in terms of lower fractional anisotropy (FA) in 
individuals with ADHD+ODD in the frontotemporal and striatal areas. Moreover, 
we found unique impairments in WM integrity for ADHD+ODD compared with 
ADHD-only in tracts in (orbito-) frontal areas. For both morphometry (Chapter 
5) and structural connectivity (Chapter 6), our findings were largely unaffected 
by the level of ADHD symptoms, indicating that the larger abnormalities in the 
comorbid group are due to the combined diagnoses, rather than to more severe 
ADHD symptomatology.
In terms of functional brain characteristics associated with cool and hot EF 
(Chapter 7), we found that the ADHD-only group and the ADHD+ODD group 
were both associated with unique abnormalities in terms of neural correlates 
of cognitive performance. However, there was no evidence of a stepwise pattern 
or additive effect of ADHD and ODD in terms of abnormalities. During cool EF 
tasks that tapped into inhibition and working memory, the ADHD+ODD group 
showed altered activity in rather non-typical clusters including the precuneus, 
superior parietal, lateral occipital, and fusiform gyri (reduced), the paracingulate 
gyrus (reduced), and the pre- and postcentral gyri (increased) compared with 
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controls. Alternatively, the ADHD-only group showed alterations in the postcen-
tral gyrus (increased) and supramarginal gyrus (reduced), the insula, caudate and 
thalamus (increased), and the cerebellum (reduced) compared with controls. For 
hot EF tasks, only the ADHD+ODD group showed alterations, reflected in in-
creased activity in the frontal pole. Interestingly, on a behavioural level, only the 
ADHD+ODD group showed reduced performance in terms of both cool (inhibi-
tion and working memory) and hot (reward processing) EF. This may suggest that 
the observed functional abnormalities in the ADHD-only group may reflect com-
pensatory mechanisms, resulting in normalized task performance. Lastly, in line 
with Chapter 5, the findings in terms of neural correlates were unaffected by the 
level of ADHD symptoms, again indicating that deficiencies in the ADHD+ODD 
group are driven by the presence of comorbid ODD.
Concluding, the findings of part II of this thesis are again largely in line with our 
hypotheses. Findings from Chapters 4, 5 and 6 show that previous inconsistent 
findings regarding ADHD may well be due to the lack of studies that take the pres-
ence of comorbid ODD into account (hypothesis I), since the ADHD+ODD group 
showed unique abnormalities that were not present in the ADHD-only group, such 
as a reduced grey matter volume in the precuneus. Moreover, ADHD+ODD was 
associated with a double burden, exhibited by larger as well as unique structural 
brain abnormalities (grey and white matter) compared with the ADHD-only group 
(hypothesis II and III). The findings from Chapter 7, on functional rather than 
structural brain characteristics, show a slightly different pattern, and are only in 
line with two of our hypotheses. Firstly, they show that previous inconsistent find-
ings on functional brain imaging studies in ADHD may be explained by comorbid 
ODD, due to complementary associations between ADHD and ODD and brain ac-
tivity (e.g. reduced activation associated with ADHD and increased activity associ-
ated with ODD for somatosensory areas, such as the postcentral gyrus). Secondly, 
although we hypothesised and found unique characteristics for the ADHD+ODD 
group, we unexpectedly found unique characteristics for the ADHD-only group as 
well. This unique pattern of activity of the ADHD-only group may be a reflection 
of the aforementioned compensatory mechanisms, although this needs further 
investigation. Finally, the functional imaging findings do not support our third 
hypothesis, since we did not find evidence of a double burden in the ADHD+ODD 
group, but rather unique patterns for the ADHD+ODD and the ADHD-only group. 
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General Discussion
Taken together, the studies in the current thesis provide strong evidence for sub-
stantial differences between individuals with only ADHD and those with ADHD 
and comorbid ODD in several domains in terms of both greater severity as well 
as unique characteristics, including risk factors, neurocognitive functioning, and 
brain characteristics. These findings are in line with clinical observations that in-
dividuals with both ADHD and ODD show poorer levels of educational, vocational 
and social functioning and have a poorer prognosis, among which an even further 
increased risk to develop other psychiatric disorders, compared with individuals 
with ADHD-only (Anderson & Kiehl, 2012; Kuhne et al., 1997; Loeber et al., 2000; 
Yoshimasu et al., 2012). Thus, our findings signify the importance of taking the 
presence of comorbid ODD into account in both research and clinical practice. 
This could help further clarify inconsistencies and provide a more accurate im-
pression of the impairments related to (pure) ADHD, which currently seem to be 
overestimated due to not accounting for the presence of comorbid ODD in many 
of the previous studies. 
Our findings to some extent explain heterogeneity in previous studies on ADHD, 
in line with hypothesis I. Strikingly, a large number of studies on ADHD does not 
control for comorbid ODD, while the findings of the current thesis suggest that 
those results may have been significantly influenced by comorbid ODD. Thus, 
previous studies on characteristics associated with ADHD, including risk fac-
tors, neurocognitive functioning, structural brain characteristics, and to a lesser 
extent functional brain characteristics, may have been tainted by comorbid ODD. 
This suggests that although ADHD does have a debilitating effect on the affected 
individual, this effect may be less dramatic than currently believed. For example, 
impairments in emotion recognition in individuals with ADHD may very well 
be associated with comorbid ODD, rather than ADHD. A recent review on facial 
emotion recognition in ADHD showed that 18 out of 26 studies reported impair-
ments in facial emotion recognition for ADHD (Borhani & Nejati, 2018). However, 
except for one, all studies investigated samples with comorbidities such as ODD 
and CD. Of the total of four studies that did exclude comorbidities, three studies 
found no impairments in facial emotion recognition abilities in the ADHD group. 
This clearly indicates that the deficiencies in facial emotion recognition that are 
inconsistently linked to ADHD are probably carried by comorbidities such as 
ODD. This is in line with our finding that emotion recognition abilities were intact 
in the ADHD-only group and that emotion recognition deficiencies were driven by 
comorbid ODD (Chapter 3). This is also consistent with previous studies show-
ing consistent impairments in emotion recognition when studying ODD samples 
(Matthys, Vanderschuren, Schutter, & Lochman, 2012). The influence of ODD 
on ADHD findings is also present in other domains of research, such as studies 
into structural brain characteristics (i.e. grey matter volume), where findings for 
the ADHD-only group in the current thesis are in line with the few studies avail-
able on individuals with only ADHD. For example, volumetric reductions in the 
frontotemporal regions have been reported to be not prominently associated with 
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ADHD, but rather with the presence of comorbid CD (Stevens & Haney-Caron, 
2012). Indeed, our findings show that structural deviations in terms of both brain 
volume (Chapter 5) and connectivity (Chapter 6) are larger and more widespread 
in the group with ADHD and ODD, than in the group with ADHD only. Taken to-
gether, findings from previous studies in ADHD samples that did not take comor-
bid ODD into account show an incomplete picture of the impairments in neuro-
cognitive functions and related brain regions affected by ADHD, as the significant 
impact of comorbid ODD on the type and severity of impairments associated with 
ADHD is ignored. This has resulted in an overestimation of the risk factors associ-
ated with ADHD, and the different neurocognitive functions and brain regions 
affected by ADHD.
 
Moreover, we found evidence for a double burden, since we found a heightened 
level of neurocognitive and neuroanatomical impairments in the comorbid group, 
in line with hypothesis III. For example, we found a stepwise reduction in grey 
matter volume (ADHD+ODD < ADHD-only < controls) in Chapter 5, as well as 
a stronger deterioration of white matter structural connectivity for several brain 
areas in individuals with ADHD+ODD compared with individuals with ADHD-
only in Chapter 6. We propose these findings to be related to the combination of 
impairments associated with ADHD and those associated with ODD. Since abnor-
malities in these frontal areas have been reported for both non-comorbid ADHD 
(Rubia, Alegria, & Brinson, 2014) and non-comorbid ODD/CD (Noordermeer, Lu-
man, & Oosterlaan, 2016), this suggests an added impact of both disorders in areas 
that overlap between ADHD and ODD. Importantly, the larger abnormalities in 
terms of neurocognitive and neuroanatomical characteristics in the ADHD+ODD 
group could not be explained by the level of ADHD symptoms in any of our stud-
ies. The concept of a double burden of ADHD and ODD in individuals diagnosed 
with both disorders, rather than ADHD+ODD being a discrete disorder, is sup-
ported by studies into genetics that show a shared underlying factor. More specifi-
cally, it has been suggested that the comorbidity between ADHD and ODD is due 
to a shared genetic liability either operating directly, or indirectly through gene-
environment correlations or interactions (Nadder, Rutter, Silberg, Maes, & Eaves, 
2002). Consistent with this suggestion, the covariation among ADHD and ODD 
could be largely explained by a common genetic factor, that explained 57% of the 
total variance of an overarching latent externalizing behaviour factor (Tuvblad, 
Zheng, Raine, & Baker, 2009). This suggests that a common genetic influence lies 
at the base of both ADHD and ODD symptoms, and that the actual development 
of either or both of the disorders is additionally influenced by environmental fac-
tors, such as the factors we investigated (Chapter 2). Taken together, this indicates 
that ADHD and ODD have similar aetiologies, and the development of comorbid 
ODD is considerably driven by environmental factors. 
In addition to larger neurocognitive and neuroanatomical impairments in the co-
morbid group, we also found more widespread impairments that were unique for 
the ADHD+ODD group, in line with hypothesis II. For example, unique impair-
ments in emotion recognition abilities as well as unique volumetric brain reduc-
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tions were present in the comorbid group, compared with the ADHD-only group. 
These findings were not only absent in the ADHD-only group, they also could 
not be accounted for by the level of ADHD symptoms, implying that the findings 
are specific for (comorbid) ODD. As such, individuals with ADHD and comorbid 
ODD appear to be affected by the impairing characteristics of both disorders. 
Furthermore, the current thesis provides some insight into the maturational 
delay theory, one of the prominent theories on brain development in individuals 
with ADHD (Shaw et al., 2007). According to this maturational delay hypothesis, 
individuals with ADHD show a maturational lag in brain development compared 
with typically developing individuals. This maturational lag is most prominent in 
prefrontal regions and corresponds to a three year delay, with typically developing 
individuals attaining their peak cortical thickness at a younger age than individuals 
with ADHD (Shaw et al., 2007). Around (late) adolescence this delay decreases and 
the characteristics of the affected areas normalize towards the characteristics of 
typically developing adolescents. Contrary as to what expect based on that theory, 
we did not find effects of age (e.g. risk factors, Chapter 2) or an interaction of the 
assessed characteristics and age (e.g. structural brain characteristics, Chapter 5) 
in our studies. Thus, we found no evidence for a maturational delay. This is in line 
with a longitudinal study on neurocognitive functioning, that included largely the 
same individuals as those investigated in the current thesis (Van Lieshout et al., 
2016). That study did not find evidence for a delay or later catch-up, but rather that 
the studied characteristics of ADHD are largely persistent. However, it must be 
kept in mind that the studies in the current thesis are not of a longitudinal nature, 
warranting further investigation (except for Chapter 2). 
Finally, another implication of the current thesis is that, although the findings in-
dicate a double burden in terms of risk factors, and neurocognitive and neuroana-
tomical impairments in individuals with ADHD and comorbid ODD, this was not 
true for the functional neural correlates, for which both diagnostic groups showed 
unique activation patterns in distinct areas. Granting that replication studies are 
needed, this suggests that abnormalities in grey and white matter morphology as 
well as neurocognitive functioning do not link linearly to abnormalities in neural 
functioning. This is in line with studies that relate structure and functioning in 
typically developing individuals showing that advanced computation models are 
necessary to link the two, and even those can only account for up to 35% of vari-
ance of functional characteristics (Breakspear, Jirsa, & Deco, 2010; Honey, Thiv-
ierge, & Sporns, 2010; Messé, Rudrauf, Benali, & Marrelec, 2014). 
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Clinical implications
First, our findings clearly indicate that early adverse life events are a risk factor for 
the development of ADHD and that their predictive value for the development of 
comorbid ODD in individuals with ADHD is even stronger. Additionally, paren-
tal criticism, socioeconomic status and parental ADHD were important, unique 
risk factors for the development of comorbid ODD. Our findings indicate that 
the presence of these risk factors may be prognostic for an increase in severity of 
outcomes at the level of clinical symptoms, cognitive functioning and brain mor-
phometry and connectivity. Therefore, it is of importance that clinicians take these 
factors into account when assessing and treating individuals with ADHD. Since the 
development of comorbid ODD has a deteriorating effect on the functional out-
come of individuals with ADHD, such as vocational and academic outcomes (An-
derson & Kiehl, 2012; Kuhne et al., 1997), it is pivotal to start treatment in young 
children with ADHD and ODD symptoms, particularly when these risk factors are 
present, even when children do not (yet) meet diagnostic classification criteria for 
comorbid ODD. Since parental criticism was a unique risk factor for the develop-
ment of comorbid ODD in individuals with ADHD, focussing on this aspect in 
young children with ADHD symptoms may be essential to have a preventive effect. 
The predictive role of parental criticism also adds to an increased insight into po-
tential mechanisms of evidence-based interventions for ADHD (with and without 
comorbid ODD), such as parent training (“ADHD NICE guidelines,” 2018; Daley et 
al., 2014), that focus (among others) on preventing parents to be (overly) critical to 
the child. Similarly, our findings are in line with the effectiveness of interventions 
that focus on preventing deviant peer affiliation and supportprograms to help the 
individual to cope with adverse life events, such as the Dutch adaptation of the 
Coping Power Program, the so-called “Minder Boos en Opstandig” programme 
(Lochman et al., 2014; van de Wiel et al., 2007). This programme combines parent 
training to increase parenting skills with a child training to increase coping and 
prosocial skills of the child. 
When ODD is present as comorbidity with ADHD, it is of importance to take the 
impairments of this group into consideration during the treatment of ADHD. 
Given the deteriorating impact of comorbid ODD on neurocognitive functioning 
of these individuals, our findings suggest to be extra alert on the clinical implica-
tions of neuropsychological impairments. An important finding of the current 
thesis is that emotion dysregulation was not associated with a diagnosis of ADHD, 
but rather with the presence of comorbid ODD. Since the presence of negative 
affect, an aspect of emotion dysregulation, has been reported to negatively affect 
treatment outcomes (Loeber, Burke, & Pardini, 2009), taking the presence of ODD 
into account in an early stage of the treatment is of importance. Although studies 
comparing different treatment approaches for individuals with ADHD exhibiting 
no or different comorbidities are scarce and sorely needed, one noteworthy study 
in which specific subgroups of ADHD in terms of their comorbidities, such as 
ODD, were investigated, further substantiates the importance of taking comorbid-
ities into account. That study showed that treatment responses in an ADHD-only 
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sample and an ADHD+ODD sample differed markedly, in line with the expec-
tation that emotion dysregulation negatively influences treatment response to 
psychoeducation or training (Reale et al., 2017), even though for ODD in itself be-
havioural treatment has been reported to be effective (Daley et al., 2014). Overall, 
although current guidelines are largely in line with our findings, those may benefit 
from a stronger focus on the presence of comorbid ODD in the primary stages of 
treatments as well.
Finally, an increasingly investigated method used to increase the efficiency of the 
diagnostic process with psychiatric disorders is machine learning (ML). By using 
machine pattern recognition techniques based on large datasets, ranging from 
questionnaire data to structural MRI data, this may result in a computer-aided 
diagnosis of, for example, ADHD. The ML field has already advanced from very 
time-consuming approaches to fast and fully automated approaches, especially 
for using structural MRI characteristics in trying to diagnose ADHD (Peng, Lin, 
Zhang, & Wang, 2013; Qureshi, Min, Jo, & Lee, 2016). Those faster approaches us-
ing extreme learning machine algorithms achieve ADHD prediction accuracies of 
85 to 90%, with the most pronounced differences in the frontal lobes. The struc-
tural neuroimaging findings discussed in the current thesis may help advance this 
field even more. Since our findings (Chapter 4, 5 and 6) underline the dissimilar-
ity in terms of structural brain characteristics in the clinical and general popula-
tion diagnosed with either ADHD or ADHD and comorbid ODD, ML models that 
incorporate brain morphometry may be used to differentiate between pure ADHD 
and the more severe ADHD+ODD. Although in terms of grey matter volume our 
findings indicated small effect sizes over and above symptoms, with a η2 rang-
ing from .013 to .025 for the unique abnormalities, and from .010 to .020 for the 
stepwise reductions, future studies into sensitivity and specificity are warranted. 
Additionally, future studies using ML to classify individuals may benefit strongly 
from clear endophenotyping in terms of comorbidities present, further increasing 
correct classifications. 
Limitations and Research agenda
While results from the current thesis are consistent, in order to advance our 
understanding of the aetiology of comorbid ODD, there also is a need for further 
research focussing on the characteristics of ODD itself. In order to gather more 
evidence for our hypothesis that ADHD+ODD is associated with a double burden 
of impairments of both ADHD and ODD, rather than a more separate (third) 
disorder, it is of crucial importance to study individuals with ODD-only. Although 
our findings indicate that characteristics of individuals with ADHD+ODD may 
be traced back to the presence of either ADHD or ODD, unique characteristics of 
this comorbid condition may be present as well. However, as of yet, neurocogni-
tive and neural characteristics of ODD remain largely elusive, due to the lack of 
studies into non-comorbid ODD samples (with a few exceptions, for example see 
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Lipszyc & Schachar, 2010; Matthys et al., 2012). A possible explanation for the lack 
of studies into ODD-only may be that the impact of this disorder on the individual 
is considered to be relatively insignificant, with a smaller negative impact on the 
individual’s functional outcomes and prognosis compared with the more severe 
disorder CD (American Psychiatric Association, 2013; Loeber et al., 2009). Never-
theless, as explicated in the current thesis, the impact of ODD as a comorbidity is 
substantial. Thus, although a disorder in singularity may seem relatively managea-
ble, the prognosis becomes considerably worse when it is present as a comorbidity. 
Furthermore, the current, limited knowledge on characteristics of ODD is largely 
tainted by the presence of CD in investigated samples. Although CD is related to 
ODD, CD is considered to be a more severe form of ODD and related to specific 
characteristics (American Psychiatric Association, 2013). For example, as opposed 
to a diagnosis of ODD, a diagnosis of CD includes aggression towards individuals 
or animals and a pattern of theft or deceit, but does not include emotion dysregu-
lation (American Psychiatric Association, 2013; Loeber et al., 2009). Fortunately, 
in contrast to previous versions of the DSM, the current DSM-5 does allow both an 
ODD and a CD diagnosis to be given. This opened the possibility to not only more 
easily study ODD in singularity, but also to investigate whether the emotion dys-
regulation associated with ODD may have tainting findings in the CD field as well.
In line with the previous suggestion of more and better studies into the charac-
teristics associated with pure ODD, it is of importance to further study both pure 
ADHD and ADHD+ODD as well. For pure ADHD, this may help better under-
stand the aetiology and therewith improve treatment options for those who are 
diagnosed with ADHD-only. Moreover, it may explain why some individuals with 
ADHD do not respond to specific treatments while others do, such as medication 
or psychoeducation (Greenhill et al., 2006; Reale et al., 2017). Although most stud-
ies have reported that comorbidity of ODD does not affect treatment outcome of 
individuals with ADHD (Van der Oord, Prins, Oosterlaan, & Emmelkamp, 2008), 
some others studies seem to suggest otherwise, resulting in some inconsistency 
in the field (Kim, Sharma, & Ryan, 2015; Reale et al., 2017). For example, it has 
been reported that the level of ODD symptoms in individuals with ADHD is an 
important differentiating aspect in the prediction of methylphenidate treatment 
response, showing a poorer response of individuals with ODD symptoms to meth-
ylphenidate treatment (Kim et al., 2015). Another study on ADHD and specific 
subgroups in terms of comorbidities showed that treatment outcomes differed 
markedly between individuals with ADHD-only and those with ADHD+ODD, 
showing a poorer response to psychoeducation in the comorbid group (Reale et al., 
2017). This further explicates the relevance of taking ODD into account, not only 
for further investigation and replication of our findings, but in treatment studies 
as well. This may eventually improve efficacy of treatment in ADHD and associ-
ated subgroups, as well as help to expand venues for interventions, and to possibly 
prevent the development of comorbid ODD. 
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In the current study, a categorical approach was used (i.e. presence or absence of 
a DSM diagnosis of ADHD or ODD), as we wanted to follow DSM diagnoses to 
increase comparability and replicability. Moreover, since a categorical approach 
is favoured over a continuum approach for adults, and we included young adults 
as well as children and adolescents, our categorical approach was most fitting 
(Faraone, Biederman, Doyle, et al., 2006; Faraone, Biederman, Spencer, et al., 
2006; Lubke, Hudziak, Derks, van Bijsterveldt, & Boomsma, 2009). While our 
findings were robust and did not suffer from the reduced power known to be as-
sociated with a categorical approach, further investigation using a dimensional 
approach would be useful as well. It has been reported that approximately 10% of 
school-aged children suffer from subthreshold ADHD, defined as not meeting full 
diagnostic criteria, but still showing a relatively high level of ADHD symptoms 
(Hong et al., 2014). Although these children do no not meet the criteria needed for 
a diagnosis, they do show comparable functional impairments as individuals with 
an ADHD diagnosis, although those functional impairments are milder. Using 
a dimensional approach and therewith including the full spectrum of symptom 
severity, from typically developing individuals with just a few symptoms, to those 
with subthreshold levels of symptoms and those with a diagnosis and high levels 
of symptoms, should give an even more complete overview of the disorder. In ad-
dition, it is interesting to investigate how the findings of the current thesis relate 
to individuals suffering from subthreshold ADHD.
Since individuals with ADHD already show substantial heterogeneity by them-
selves (e.g. the different ADHD subtypes), it is important for future studies into 
characteristics of ADHD to assess extensively phenotyped participants, including 
a comprehensive psychiatric assessment of the included participants. As clearly 
shown by the findings of the current thesis, the impact of comorbid ODD on 
ADHD is substantial in several domains. Thus, only by extensive phenotypical 
assessments and accounting for these data in the analyses, will we be able to gain 
more insight into which characteristics truly relate to a specific disorder, and may 
ultimately be able to tailor both classification and treatment to specific subgroups, 
such as those with ADHD+ODD. In the future, this may lead to better and earlier 
detection of those children who are at an increased risk of more deteriorating 
long-term outcomes and thus improve their chances for a more positive long-term 
outcome.
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ACHTERGROND
Diagnose en prevalentie
Attention-deficit/hyperactivity disorder (ADHD), of aandachtsdeficiëntie-/hy-
peractiviteitstoornis in het Nederlands, is een neurobiologische ontwikkelingss-
toornis en een van de meest voorkomende psychiatrische stoornissen bij kinderen 
(American Psychiatric Association, 2013; Costello, Mustillo, Erkanli, Keeler, & 
Angold, 2003). Wereldwijd komt ADHD voor bij 5.9 - 7.1% van de kinderen en 
adolescenten en bij 5% van de (jong) volwassenen (Willcutt, 2012). ADHD wordt 
gekenmerkt door een persistent patroon van onoplettendheid (aandachtstekort) 
en/of impulsiviteit en hyperactiviteit, dat niet passend is bij de leeftijd en zorgt 
voor problemen in het dagelijks functioneren. Om aan de criteria voor een diag-
nose ADHD te voldoen, dienen kinderen en adolescenten ten minste zes symp-
tomen van onoplettendheid en/of ten minste zes symptomen van hyperactiviteit-
impulsiviteit te vertonen gedurende minimaal zes maanden. Voor jongeren van 17 
jaar en ouder en volwassenen geldt dat er voor de diagnose ADHD ten minste vijf 
symptomen aanwezig dienen te zijn. De combinatie van symptomen resulteert in 
één van de drie verschijningsvormen, waarvan bij 1) de onoplettendheid voorop 
staat, 2) de hyperactiviteit-impulsiviteit voorop staat, of 3) een combinatie van 
zowel onoplettendheid als hyperactiviteit-impulsiviteit het beeld bepaalt. Aan-
vullende criteria zijn dat de symptomen zich in meerdere situaties voordoen en 
beperkend zijn voor het algeheel dagelijks functioneren (American Psychiatric 
Association, 2013). Daarnaast stellen de criteria van een DSM-IV diagnose ADHD, 
die van toepassing zijn binnen het huidige proefschrift, dat een deel van de symp-
tomen al voor het zevende levensjaar voor het eerst aanwezig is (American Psychi-
atric Association, 2000).
Een ADHD-diagnose gaat gepaard met een grote variëteit aan functionele be-
perkingen (American Psychiatric Association, 2013). Zo wordt ADHD geassocieerd 
met lagere cijfers op school en een hogere mate van nablijven en schorsing (Loe & 
Feldman, 2007). Dit leidt uiteindelijk tot het minder vaak afronden van de mid-
delbare school, het minder vaak doorstuderen en een lagere functie in het werk-
end bestaan voor personen die als kind zijn gediagnosticeerd met ADHD (Loe & 
Feldman, 2007; Usami, 2016). Ook op sociaal vlak brengt ADHD problemen met 
zich mee, zoals een verhoogd risico op sociale afwijzing, doordat ADHD-symp-
tomen een negatief effect hebben op de sociale vaardigheden, zoals het veelvuldig 
onderbreken van anderen en het missen van sociale cues (Hoza, 2007; Van der 
Oord et al., 2005). Hoewel voor een deel van de personen met ADHD de problem-
atiek afneemt tijdens de volwassenheid, blijft een aanzienlijk deel voldoen aan de 
diagnose ADHD, hetzij met een lagere mate van symptomen (American Psychiat-
ric Association, 2013; Kieling & Rohde, 2012; Van Lieshout et al., 2016). ADHD in 
de volwassenheid wordt gerelateerd aan een hoger risico op echtscheiding, meer 
opvoedingsproblematiek en een hoger risico op betrokkenheid bij verkeersonge-
lukken (Kieling & Rohde, 2012). Daarnaast brengt ADHD ook een groter risico op S
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de ontwikkeling van andere psychiatrische stoornissen met zich mee, waaronder 
internaliserende problematiek, zoals een angststoornis of een depressie, en exter-
naliserende problematiek, zoals een antisociale of normoverschrijdende gedragss-
toornis (McGough et al., 2005; Yoshimasu et al., 2012).
Naast een verhoogd risico op het ontwikkelen van psychiatrische stoornissen op 
latere leeftijd is er bij kinderen of jongeren met ADHD reeds vaak sprake van een 
comorbide stoornis, zowel binnen de algemene bevolking als binnen een klinische 
setting. Een van de meest voorkomende comorbide stoornissen bij ADHD is 
oppositional defiant disorder, afgekort tot ODD (American Psychiatric Association, 
2013). In de algemene bevolking is er sprake van een oppositionele-opstandige 
stoornis bij ongeveer 50% van de personen met ADHD, wat binnen de klinische 
setting oploopt tot wel 65% (American Psychiatric Association, 2013; Barkley, 
Anastopoulos, Guevremont, & Fletcher, 1992; Connor & Doerfler, 2008; Kuhne, 
Schachar, & Tannock, 1997).
De gedragsstoornis ODD wordt gekenmerkt door een herhaald en persistent pa-
troon van een boze of prikkelbare stemming, van dwars, opstandig, ruziezoekend 
of wraakzuchtig gedrag, en/of een negativistische, vijandige en openlijk ongehoor-
zame houding, niet passend bij de ontwikkeling of leeftijd van het kind (American 
Psychiatric Association, 2013). Voor een diagnose van ODD moeten er ten minste 
vier symptomen aanwezig zijn, verdeeld over de domeinen van 1) boze of prik-
kelbare stemming, 2) dwars en uitdagend gedrag en 3) wraakzuchtig gedrag. De 
symptomen moeten minstens zes maanden aanwezig zijn, waarbij voor kinderen 
jonger dan 5 jaar het gedrag op de meeste dagen van de week moet voorkomen 
en voor kinderen van 5 jaar en ouder het gedrag minstens eens per week moet 
voorkomen (American Psychiatric Association, 2013). Tot slot moet het afwijkende 
gedrag samenhangen met spanningen bij het kind of diens directe omgeving, of 
significante beperkingen in het sociale, schools- of beroepsmatige functioneren 
veroorzaken. De ernst wordt daarbij bepaald aan de hand van het aantal omgev-
ingen of situaties waarbinnen de symptomen aanwezig zijn, waarbij aanwezigheid 
van de symptomen in één situatie (bijvoorbeeld alleen thuis) de classificatie ‘mild’ 
krijgt, aanwezigheid van de symptomen in twee situaties (bijvoorbeeld thuis en 
op school) de classificatie ‘gematigd’ krijgt en aanwezigheid van de symptomen 
in drie of meer situaties (bijvoorbeeld thuis, op school en in sociale omgang met 
anderen) de classificatie ‘ernstig’ krijgt. 
De prevalentie van ODD varieert afhankelijk van leeftijd en geslacht, maar wordt 
voor de algehele populatie geschat op gemiddeld 3 - 6% (American Psychiatric 
Association, 2013; Boylan, Georgiades, & Szatmari, 2010; Merikangas et al., 2010; 
Nock, Kazdin, Hiripi, & Kessler, 2007). In klinische groepen is de prevalentie aan-
zienlijk hoger, variërend van 28 tot 65% (Boylan, Vaillancourt, Boyle, & Szatmari, 
2007; Merikangas et al., 2010). ODD lijkt in de kindertijd wat vaker voor te komen 
bij jongens, maar rond de adolescentie zijn er geen verschillen in prevalentie meer 
zichtbaar tussen jongens en meisjes. Desondanks kan de verschijningsvorm wel 
verschillen tussen jongens en meisjes, waarbij jongens een hogere mate van de- S
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structief gedrag, zoals vandalisme en brandstichting, laten zien (Loeber, Burke, & 
Pardini, 2009). Net als ADHD, is ook ODD geassocieerd met een aantal comorbide 
stoornissen, waaronder conduct disorder (CD). Deze normoverschrijdende ge-
dragsstoornis is met 42% het meest voorkomend bij ODD (Nock et al., 2007). Een 
andere veelvoorkomende comorbiditeit is ADHD, waarvan de prevalentie varieert 
tussen de 14 en 35% (Maughan, Rowe, Messer, Goodman, & Meltzer, 2004; Nock et 
al., 2007).
Gezien het huidige proefschrift gebaseerd is op data van voor de introductie van 
de DSM-5, zijn de DSM-IV-criteria gehanteerd. Het belangrijkste verschil tussen 
deze twee DSM-versies is dat in de eerdere versie van de DSM er geen comorbide 
diagnose van ODD bij CD kon zijn. De personen in het huidige proefschrift heb-
ben dan ook allen enkel ODD en geen (comorbide) CD-diagnose.
Comorbiditeit van ADHD en ODD
Personen met zowel ADHD als ODD hebben een aanzienlijk negatiever toekomst-
perspectief dan personen met één van beide stoornissen, met name in de vorm van 
een verhoogd risico op het ontwikkelen van angst- en depressiviteitsstoornissen 
enerzijds, en een normoverschrijdende gedragsstoornis of antisociale persoonli-
jkheidsstoornis anderzijds (N. E. Anderson & Kiehl, 2012; Loeber, Burke, Lahey, 
Winters, & Zera, 2000). Daarnaast laat de groep met beide stoornissen een eerdere 
aanvang van het probleemgedrag, meer functionele beperkingen en een hogere 
mate van fysieke agressie en delinquentie zien, dan de personen met enkel ADHD 
of ODD (N. E. Anderson & Kiehl, 2012; Loeber et al., 2009; Loeber et al., 2000). 
Deze ernstige impact op zowel het individu als de omgeving, tezamen met de hoge 
prevalentie van de comorbiditeit, benadrukt het belang van het onderzoek naar 
ADHD met comorbide ODD (ADHD+ODD).
ONDERZOEKSONTWERP
Het doel van het huidige proefschrift is om de kennis omtrent de invloed van 
comorbide ODD op verschillende aspecten van ADHD te vergroten, gezien dit tot 
op heden nauwelijks is onderzocht, ondanks het aanzienlijke belang van deze ken-
nis. Hiermee wordt de kennis over de grote groep personen met zowel ADHD als 
ODD vergroot, een groep die te maken heeft met een beduidend slechter toekom-
stperspectief dan de groep met alleen ADHD. Daarnaast kan er enig licht gewor-
pen worden op een belangrijke bron van de heterogeniteit in bevindingen op het 
gebied van ADHD. De te onderzoeken aspecten variëren van de etiologie in termen 
van pre- en perinatale, transgenerationele en postnatale risicofactoren (hoofd-
stuk 2), tot de neurocognitieve karakteristieken (hoofdstuk 3). Daarnaast worden 
zowel de structurele (hoofdstukken 4, 5 en 7) als de functionele (hoofdstukken 
4 en 6) kenmerken van de hersenen onderzocht. S
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De resultaten die in dit proefschrift worden beschreven zijn gebaseerd op de met-
ingen van het Nederlandse deel van het International Multicenter ADHD Genetics 
(IMAGE) project en het NeuroIMAGE-project. Het NeuroIMAGE-project is een 
follow-up van het IMAGE project, een prospectieve cohortstudie over meerdere 
locaties verspreid die is opgezet om het verloop van ADHD te onderzoeken (von 
Rhein et al., 2015). De verzamelde gegevens omvatten, onder andere, omgevings-
factoren, neurocognitieve en neurobiologische data van in totaal 1069 personen, 
bestaande uit zowel gezinnen met ten minste één kind met ADHD (751) als 
controlegezinnen waarbij geen sprake was van kinderen met een ontwikkelingss-
toornis (318). Binnen deze groep personen zijn voor het huidige proefschrift drie 
groepen gedefinieerd. De eerste groep is een controlegroep, bestaande uit typisch 
ontwikkelende personen, zonder enige psychiatrische of ontwikkelingsstoornis. 
De tweede groep bestaat uit personen met alleen een diagnose ADHD, dus geen 
ODD of andere psychiatrische of ontwikkelingsstoornis. De derde groep bestaat 
uit personen met zowel een diagnose ADHD als een diagnose ODD, maar geen 
andere psychiatrische of ontwikkelingsstoornis. 
BELANGRIJKSTE RESULTATEN
Dit proefschrift bestaat uit twee delen, waarbij Deel 1 focust op de risicofactoren 
en het cognitief functioneren (hoofdstuk 2 en 3) en Deel 2 focust op hersen-
karakteristieken (hoofdstuk 4 tot en met 7). Hieronder worden de belangrijkste 
resultaten uit hoofdstuk 2 tot en met 7 van dit proefschrift samengevat (zie ook 
tabel S1 voor een overzicht). Tot slot worden de bevindingen kritisch geëvalueerd 
en de wetenschappelijke en klinische implicaties besproken. 
Deel 1 – Risicofactoren & Neurocognitief functioneren
In hoofdstuk 2 was het doel om te onderzoeken of en hoe risicofactoren ver-
schillen voor de groep personen met alleen ADHD vergeleken met de groep met 
ADHD+ODD. Eerder onderzoek heeft zowel genetische als omgevingsgerelateerde 
risicofactoren voor ADHD geïdentificeerd, waarbij het aandeel in de erfelijkheid 
slechts voor 24% verklaard kan worden aan de hand van genetische risicofactoren 
(Faraone & Larsson, 2018). Omgevingsgerelateerde risicofactoren, op te delen in 
pre- en perinatale factoren, transgenerationele invloeden en postnatale factoren, 
laten daarentegen beduidend grotere effectgroottes zien (Faraone et al., 2015). 
Er lijken zowel specifieke als overlappende risicofactoren te zijn voor ODD ten 
opzichte van ADHD. De overlappende factoren zijn roken door de moeder tijdens 
de zwangerschap, de aanwezigheid van ADHD of ODD binnen de familie en 
een hogere mate van conflict binnen de familie (Boden, Fergusson, & Horwood, 
2010; Chronis et al., 2003; Latimer et al., 2012; Nigg & Breslau, 2007). Voorbeelden 
van risicofactoren specifiek voor ADHD zijn premature geboorte en/of een laag 
geboortegewicht (Kimonis & Frick, 2010; Serati, Barkin, Orsenigo, Altamura, & 
Buoli, 2017; Thapar & Cooper, 2016). Voor ODD zijn het hebben van zogenaamde 
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foute vrienden, een hardvochtige of inconsistente opvoeding, lage mate van af-
fectie vanuit de ouders en blootstelling aan geweld binnen het gezin specifieke 
risicofactoren (Boden et al., 2010; Latimer et al., 2012; Loeber, Slot, Van der Laan, 
& Hoeve, 2008; Richards et al., 2015). De hypothese voor hoofdstuk 2 was dat er 
bijkomende risicofactoren zouden zijn voor de ontwikkeling van comorbide ODD 
bij ADHD, ten opzichte van de risicofactoren voor alleen ADHD. 
 
In lijn met de hypotheses werden er overlappende en unieke risicofactoren voor 
de diagnostische groepen gevonden. Voor zowel alleen ADHD als ADHD+ODD 
waren postnatale risicofactoren (negatieve levensgebeurtenissen) alsook transgen-
erationele invloeden (ouderlijk ADHD) belangrijke risicofactoren. De mate van 
negatieve levensgebeurtenissen bleek een nog sterkere risicofactor voor de groep 
met comorbide ODD dan voor de groep met alleen ADHD. Daarnaast waren 
er voor de comorbide ADHD+ODD groep nog specifieke risicofactoren, zowel 
postnataal (socio-economische status van de ouders, omgang met foute vrienden) 
als in termen van transgenerationele invloeden (kritiek van de ouders). Voor de 
ontwikkeling van alleen ADHD bleek roken van de moeder tijdens de zwanger-
schap een specifieke factor. De gevonden factoren waren significant voor alle 
leeftijden. De risicofactoren lieten een hoog percentage verklaarde variantie zien 
(variërend van 58 tot 62%), waarbij de sets van risicofactoren een hoge specificiteit 
(95% en 98%) en sensitiviteit (87% en 80%) lieten zien bij het onderscheiden van 
de controlegroep en enerzijds de groep met alleen ADHD en anderzijds de groep 
met ADHD+ODD. Bij het differentiëren tussen de groep met alleen ADHD en de 
groep met ADHD+ODD bleek de verklaarde variantie 16%, de specificiteit 57% en 
de sensitiviteit 90%. 
Het doel van hoofdstuk 3 was om te onderzoeken in hoeverre het executief func-
tioneren (EF) en de temporele vaardigheden van personen met ADHD verschilt 
van dat van personen met ADHD en comorbide ODD, en of dit een verklaring 
kan zijn voor inconsistenties in eerder onderzoek naar deze functies in ADHD. De 
term EF refereert in het algemeen naar het geheel van neurocognitieve processen 
die ervoor zorgen dat er een voldoende mate van probleemoplossend vermogen is 
om een bepaald doel te bereiken (Diamond, 2013; Miyake et al., 2000; Pennington 
& Ozonoff, 1996; Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005), waarbij 
vaak onderscheid gemaakt wordt tussen zogenaamd cool en hot EF (Zelazo & 
Carlson, 2012; Zelazo & Müller, 2007). Onder cool EF wordt doelgericht en prob-
leemoplossend gedrag verstaan, evenals zelfregulatie zonder motiverende of af-
fectieve aspecten. In tegenstelling tot cool EF, wordt hot EF juist gekenmerkt door 
cognitieve processen met motiverende of affectieve aspecten, zoals beloningsger-
icht leren en emotieverwerking (V. A. Anderson, Jacobs, & Anderson, 2008; Blair & 
Lee, 2013; Kerr & Zelazo, 2004; Zelazo & Carlson, 2012). Daarnaast zijn de tempo-
rele vaardigheden, waaronder de vaardigheid om opeenvolgende gebeurtenissen 
op tijd te ordenen en om ritmes te kunnen creëren gebruikmakend van de tijdsbel-
eving en tijds(re)productie, een ander neurocognitief domein dat een belangrijke 
rol heeft (Castellanos & Tannock, 2002; Ivry, 1996; Toplak, Dockstader, & Tannock, 
2006). Op deze drie gebieden van cool EF, hot EF en temporele vaardigheden 
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zijn beperkingen gerapporteerd voor personen met ADHD, maar deze zijn tot op 
heden relatief inconsistent. Een mogelijke oorzaak voor deze inconsistentie kan de 
aanwezigheid van ODD zijn, welke op zichzelf ook gerelateerd wordt aan proble-
men op neurocognitief gebied. De hypothese voor hoofdstuk 3 was dan ook dat 
een deel van de eerder gerapporteerde beperkingen in werkelijkheid gerelateerd 
zou zijn aan de aanwezigheid van ODD in plaats van ADHD. Daarnaast wordt een 
zogenaamde ‘dubbele belasting’ verwacht, waarbij neurocognitieve vaardigheden 
ernstiger zijn aangedaan bij de groep met ADHD+ODD dan bij de groep met al-
leen ADHD, wanneer deze aan beide stoornissen gerelateerd zijn. 
In lijn met de hypotheses werden overlappende en unieke neurocognitieve be-
perkingen voor de diagnostische groepen gevonden. Zowel de groep met alleen 
ADHD als de groep met ADHD+ODD liet beperkingen zien in cool EF (werkge-
heugen) en temporele vaardigheden (tijdsproductie). Daarbovenop liet de groep 
met ADHD+ODD meer wijdverspreide beperkingen zien in zowel cool EF (zowel 
werkgeheugen als inhibitie) als in temporele vaardigheden (zowel tijdsproductie 
als tijdsreproductie), evenals een specifieke beperking in hot EF (emotieherken-
ningsvaardigheden). Deze specifieke beperking op het gebied van emotieherken-
ning voor de groep met ADHD+ODD is typerend voor de aanwezigheid van met 
name problemen op het gebied van hot EF door comorbide ODD in deze groepen. 
Daarnaast kan dit de eerdere inconsistenties op het gebied van problemen in de 
emotieherkenning bij ADHD (deels) verklaren. Tot slot liet de groep met alleen 
ADHD geen specifieke beperkingen zien. Aangezien de diagnostische groepen niet 
verschilden in de mate van ADHD-symptomen, is het waarschijnlijk dat de grotere 
beperkingen in neurocognitieve vaardigheden gedreven worden door comorbide 
ODD. 
Concluderend zijn de bevindingen uit Deel 1 van dit proefschrift dus in lijn met de 
hypotheses en suggereren de resultaten dat personen met ADHD+ODD de ken-
merken van zowel ADHD als ODD laten zien. Deze ADHD+ODD groep is daar-
door geassocieerd met een zogenaamde ‘dubbele belasting’, gezien er meer risico-
factoren bij betrokken zijn en er meer wijdverspreide neurocognitieve beperkingen 
aanwezig zijn. Daarnaast lijken inconsistente bevindingen in de ADHD-literatuur 
omtrent risicofactoren en cognitief functioneren, met name op het gebied van 
emotieherkenningsvaardigheden, deels te herleiden zijn tot het niet controleren 
voor de aanwezigheid van comorbide ODD in eerder onderzoek. 
S
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Deel 2 – Hersenkarakteristieken
Het doel van hoofdstuk 4 was om te onderzoeken welke kenmerken in structuur 
en functie van de hersenen geassocieerd zijn met de aanwezigheid van comorbide 
ODD in personen met ADHD. Echter, ondanks een sterke toename in studies 
naar onderliggende hersenmechanismen van ADHD, is er weinig bekend over 
de specifieke morfologische en functionele verschillen in de hersenen die geas-
socieerd zijn met ADHD+ODD of met alleen ODD. In hoofdstuk 4 is daarom 
systematisch gekeken naar studies waarbinnen met structurele of functionele 
magnetic resonance imaging (respectievelijk sMRI en fMRI) de hersenen van 
personen met ODD onderzocht zijn. Hierbij zijn studies met personen met zowel 
ODD als CD meegenomen, gezien in de DSM-versies voorafgaand aan de DSM-V 
geen onderscheid tussen ODD en CD mogelijk was, en is de invloed van comor-
bide ADHD onderzocht. Naast de literatuurstudie is er in hoofdstuk 4 tevens een 
meta-analyse gedaan. In totaal zijn er 29 studies geïncludeerd, waarvan 12 sMRI 
en 17 fMRI studies. In lijn met het onderscheid in EF in hoofdstuk 3, werden de 
betrokken hersenstructuren verdeeld in cool en hot EF, op basis van functie. Voor 
cool EF zijn typerende gebieden de dorsolaterale prefrontaal cortex en het cerebel-
lum (Prencipe et al., 2011; Rubia, 2011; Yang & Raine, 2009), voor hot EF zijn de 
typerende gebieden voornamelijk de amygdala, de anterior cingulate cortex, de 
insula en de orbitofrontale cortex (Crowe & Blair, 2008; Prencipe et al., 2011; Rubia, 
2011). De resultaten van hoofdstuk 4 lieten zien dat er in enige mate sprake was 
van betrokkenheid van cool EF-gerelateerde hersengebieden (zoals de precuneus) 
bij ODD/CD, maar dat er voornamelijk hot EF-gerelateerde hersengebieden (zoals 
de amygdala) betrokken zijn bij ODD/CD. Vergeleken met een controlegroep, 
lieten de groepen met ODD/CD kleinere structuren en hypoactivatie van hersen-
gebieden zien. Tevens werd gevonden dat, vergeleken met ADHD, veranderingen 
in de amygdala en de insula specifiek zijn voor de groep met ODD/CD. Deze 
bevindingen zijn in lijn met de gedragsmatige beperkingen in personen met ODD 
of CD, waaronder problemen met emotieverwerking en een lage mate van zelfcon-
trole.
Het doel van hoofdstuk 5 was om onderzoek te doen naar verschillen in struc-
turele correlaten in de hersenen van personen met en zonder comorbide ODD, 
gezien daar nog geen eerder onderzoek naar was gedaan. De resultaten van 
hoofdstuk 5 zijn in lijn met de hypotheses dat een deel van de eerder gerappor-
teerde morfologische afwijken bij ADHD in werkelijkheid gerelateerd is aan ODD 
en dat de groep ADHD+ODD grotere afwijkingen laat zien door de dubbele impact 
van zowel ADHD als ODD op bepaalde structuren. Zo bleek er voor verschillende 
structuren een lager volume van de grijze stof, voor zowel de alleen ADHD-groep 
als de ADHD+ODD-groep. Daarnaast was er een stapsgewijze sterkere afname in 
grijze stof volume van (met name) frontale gebieden, waaronder de laterale en 
mediale orbitofrontale cortex, zichtbaar, waarbij de ADHD+ODD groep de laagste 
volumina liet zien. Verder liet de ADHD+ODD groep specifieke structuren met 
een afgenomen volume zien, waaronder de precuneus en de pars triangularis. Deze 
bevindingen bleven grotendeels gelijk wanneer er werd gecontroleerd voor de 
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hoeveelheid ADHD symptomen, ter bevestiging van de suggestie dat de ernstigere 
afwijkingen gerelateerd zijn aan de aanwezigheid van comorbide ODD en niet aan 
een ernstigere mate van ADHD.
In hoofdstuk 6 was het doel om te onderzoeken wat de invloed was van comor-
bide ODD op de integriteit van de witte stof banen bij personen met ADHD. De 
witte stof banen spelen een belangrijke rol in het overbrengen van informatie 
tussen verschillende hersengebieden, waardoor beschadigingen van deze banen 
invloed kunnen hebben op de structurele en functionele connectiviteit tussen 
verschillende hersengebieden. Eerdere studies naar ADHD laten met name een 
atypische fractional anisotropy (FA) zien in een aantal banen, waaronder het 
corpus callosum, de frontale kwabben, anterior cingulate, inferior fronto-occip-
ital fasciculus en de inferior longitudinal fasciculus. Hierbij wordt er zowel een 
toegenomen als een afgenomen FA gerapporteerd (voor een overzichtsstudie zie: 
Aoki, Cortese, & Castellanos, 2018). Ook op dit gebied is er geen eerder onderzoek 
gedaan naar de invloed van comorbide ODD, wat mogelijk de inconsistentie kan 
(helpen) verklaren. Op basis van studies bij groepen met ODD en CD, werd voor 
hoofdstuk 6 verwacht dat door de overlap in betrokken witte stof banen de groep 
met ADHD+ODD grotere afwijkingen zou laten zien dan de groep met alleen 
ADHD. De resultaten onderbouwden deze hypothese, gezien de ADHD+ODD 
groep inderdaad nog lagere FA waarden liet zien dan de alleen ADHD groep in 
frontotemporale en striatale gebieden. Daarnaast waren er voor de ADHD+ODD 
groep specifieke afwijkingen in de (orbito-)frontale gebieden. Deze bevindingen 
bleven grotendeels gelijk wanneer er werd gecontroleerd voor de hoeveelheid 
ADHD-symptomen, ter bevestiging van de suggestie dat de ernstigere afwijkingen 
aan de aanwezigheid van comorbide ODD liggen en niet aan een ernstigere mate 
van ADHD.
Nadat uitvoerig onderzoek naar de structurele kenmerken was gedaan, was het 
doel van hoofdstuk 7 om verschillen in de activiteit van de hersenen van per-
sonen met alleen-ADHD en personen met ADHD met comorbide ODD te onder-
zoeken. Eerder onderzoek met functionele MRI bij ADHD laat zien dat bij het 
uitvoeren van cool EF gerelateerde taken sprake is van hypoactivatie van meerdere 
netwerken, waaronder het (dorsolaterale) frontostriale netwerk, het frontopari-
etale netwerk en het ventrale aandachtsnetwerk (Faraone et al., 2015; Rubia, 2011). 
De afgenomen activiteit in deze gebieden is geassocieerd met beperkingen in 
werkgeheugen, inhibitie en gerichte aandacht, respectievelijk. Bij het uitvoeren 
van hot EF gerelateerde taken is voor ADHD vooral onderzoek gedaan op het 
gebied van beloningsgevoeligheid, waarbij een verlaagde activiteit van het ventrale 
striatum geassocieerd wordt met een veranderde mate van anticipatie op belon-
ing (Faraone et al., 2015; Plichta & Scheres, 2014; Rubia, Alegria, & Brinson, 2014). 
ADHD lijkt dus geassocieerd met afwijkingen in zowel cool als hot EF gerelateerde 
hersengebieden, waarbij echter de hot EF gerelateerde afwijkingen minder consist-
ent gerapporteerd worden. Evenals voor de andere domeinen die in dit proefschrift 
werden onderzocht, is er op het gebied van activiteit van de hersenen geen onder-
zoek gedaan naar het verschil tussen alleen-ADHD en ADHD met comorbide S
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ODD. De hypothese voor hoofdstuk 7 was dat sommige van de eerder gerappor-
teerde bevindingen bij ADHD in werkelijkheid gerelateerd zouden zijn aan ODD, 
met name de beperkingen in hot EF. Daarnaast was de verwachting dat er meer, 
en in overlappende gebieden sterkere, afwijkingen aanwezig zouden zijn bij de 
ADHD+ODD groep, vergeleken met de groep met alleen ADHD, in lijn met de 
eerder genoemde dubbele belasting in de ADHD+ODD groep. De resultaten lieten 
echter een ander beeld zien. Op gedragsmatig gebied liet alleen de ADHD+ODD 
groep beperkingen zien op zowel cool EF, in dit geval werkgeheugen en inhibitie, 
als hot EF, in dit geval beloningsverwerking. Op het gebied van hersenactiviteit 
was er echter vooral sprake van verschillende activiteit in specifieke gebieden voor 
de alleen ADHD groep enerzijds en de ADHD+ODD groep anderzijds. Bij de cool 
EF gerelateerde taken lieten beiden groepen een afwijkend patroon in activiteit 
zien binnen afzonderlijke hersengebieden, waarbij voor beide groepen gold dat er 
een combinatie van hyper- en hypoactivatie van hersengebieden was. Voor de hot 
EF gerelateerde taak liet alleen de ADHD+ODD groep afwijkende activiteit zien, 
in de vorm van verhoogde activiteit in de frontale kwab. Samengenomen lijkt dit te 
suggereren dat de hyper- en hypoactiviteit in de alleen ADHD groep compensatie-
mechanismen betreft, waardoor er op gedragsmatig niveau geen beperkingen zijn. 
Hier is echter meer onderzoek naar nodig. 
ALGEMENE DISCUSSIE
Samenvattend tonen de studies in dit proefschrift duidelijk aan dat er substantiële 
verschillen zijn tussen alleen ADHD en ADHD met comorbide ODD, op een ver-
scheidenheid aan domeinen. Deze verschillen zijn zichtbaar in zowel een hogere 
mate van beperkingen als in de aanwezigheid van groep-specifieke kenmerken 
op de gebieden van risicofactoren, neurocognitieve functies en hersenkenmerken 
voor de personen met ADHD+ODD. Deze bevindingen waren in de lijn der 
verwachting en zouden kunnen bijdragen aan de klinische bevindingen uit ander 
onderzoek dat personen met zowel ADHD als ODD een lager opleidingsniveau, 
een lager werkniveau en een beperkt sociaal functioneren laten zien, tezamen met 
een slechtere prognose, waaronder een verhoogd risico op het ontwikkelen van 
andere psychiatrische stoornissen, vergeleken met personen met alleen ADHD (N. 
E. Anderson & Kiehl, 2012; Kuhne et al., 1997; Loeber et al., 2000; Yoshimasu et al., 
2012). De bevindingen van het huidige proefschrift benadrukken dus het belang 
van het meenemen van de aanwezigheid van comorbide ODD bij onderzoek naar 
en de behandeling van personen met ADHD. Dit zou kunnen helpen bij het verder 
ophelderen van de inconsistenties in eerder onderzoek, evenals een meer accurate 
indruk geven van de beperkingen die gerelateerd zijn aan alleen-ADHD, gezien 
deze momenteel overschat lijken te zijn vanwege het niet meenemen van comor-
bide ODD in veel van de eerdere onderzoeken. 
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De bevindingen verklaren in enige mate de eerdere heterogeniteit in resultaten van 
onderzoek naar ADHD, gezien de aanwezigheid van comorbide ODD geassocieerd 
was met beduidend andere bevindingen. Eerdere bevindingen met betrekking 
tot in ieder geval de gebieden van risicofactoren, neurocognitief functioneren, 
structurele hersenkenmerken en, in mindere mate, functionele hersenkenmerken, 
lijken dus gekleurd te zijn door de aanwezigheid van comorbide ODD. Dit sug-
gereert dat hoewel ADHD wel degelijk een negatieve uitwerking kan hebben op 
de persoon met de stoornis, het effect van alleen ADHD mogelijk minder sterk is 
dan eerder werd gedacht. Zo werd in dit proefschrift gevonden dat personen met 
ADHD geen emotieherkenningsproblematiek lieten zien, een gebied waar tot op 
heden voornamelijk inconsistente bevindingen zijn, maar dat dit juist een beperk-
ing was binnen de ADHD+ODD groep en de beperking dus waarschijnlijk gedra-
gen wordt door ODD. Een recente overzichtsstudie naar adequate emotieherken-
ning aan de hand van gezichtsuitdrukkingen door personen met ADHD toonde 
in 18 van de 26 studies een beperking op dit gebied aan (Borhani & Nejati, 2018). 
Echter, van deze studies met positieve bevindingen was er maar één studie die naar 
een groep zonder ODD of CD keek. De overige drie studies waarbij comorbiditei-
ten werden geëxcludeerd rapporteerden geen beperkingen voor de ADHD groep. 
Dit bevestigt onze conclusie dat de beperkingen op het gebied van emotieherken-
ning niet zozeer gerelateerd zijn aan ADHD, maar voornamelijk aan ODD. Ook 
op het gebied van morfologische hersenkenmerken zijn onze bevindingen van 
een versterkend effect van comorbide ODD op beperkingen in lijn met bevindin-
gen van andere studies in alleen-ADHD groepen (Stevens & Haney-Caron, 2012). 
Concluderend kan dus worden gesteld dat bevindingen uit eerdere studies naar 
ADHD die geen rekening hebben gehouden met comorbide ODD een onnau-
wkeurig beeld van de beperkingen op het gebied van neurocognitief functioneren 
en gerelateerde hersengebieden geven, gezien de significante invloed van comor-
bide ODD op het type en de ernst van de beperkingen die worden geassocieerd 
met ADHD, is genegeerd. Dit lijkt te hebben geresulteerd in een overschatting van 
de risicofactoren voor ADHD en een overschatting van de verschillende neurocog-
nitieve functies en hersengebieden die zijn aangedaan bij ADHD. 
Daarnaast vonden we bewijs voor een dubbele belasting, met name op het gebied 
van neurocognitief functioneren en neuroanatomie, voor de comorbide groep. Zo 
werd er een stapsgewijze afname van grijze stof volume gevonden (ADHD+ODD 
< alleen ADHD < controlegroep), evenals een sterkere afname van de integriteit 
van de witte stof banen voor ADHD+ODD, vergeleken met alleen ADHD. Gezien 
de betrokken gebieden zowel beperkingen laten zien in studies bij groepen met 
alleen ADHD (Rubia et al., 2014) als in studies bij groepen met alleen ODD/CD 
(hoofdstuk 4) , lijkt een combinatie van de stoornissen te leiden tot een opeen-
stapeling van de beperkingen. Het classificeren van ADHD+ODD als een dubbele 
belasting, in tegenstelling tot ADHD+ODD als een daadwerkelijke andere, derde 
stoornis te zien, wordt ondersteund door geneticastudies die een onderliggende 
gedeelde factor voor ADHD en ODD laten zien. Deze onderliggende factor zou 
een bepaalde kwetsbaarheid veroorzaken, die direct of indirect (door bijvoorbeeld 
gen-omgeving interacties) tot ADHD en/of ODD kan leiden (Nadder, Rutter, 
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Silberg, Maes, & Eaves, 2002). In lijn met dit idee blijkt dat de covariantie tussen 
ADHD en ODD grotendeels (57%) verklaard kan worden door een overkoepe-
lende externaliserend-gedrag factor (Tuvblad, Zheng, Raine, & Baker, 2009). 
Samengenomen suggereert dit dat een gemeenschappelijke genetische factor aan 
de basis van beide stoornissen ligt, die in combinatie met omgevingsfactoren, 
zoals de factoren onderzocht in dit proefschrift, kunnen leiden tot de daadwerkeli-
jke ontwikkeling van één of beide stoornissen. Oftewel, ADHD en ODD lijken een 
gelijkaardige etiologie te hebben, waarbij de ontwikkeling van (comorbide) ODD 
aanzienlijk wordt beïnvloed door omgevingsfactoren.
Tot slot is een interessante bevinding van dit proefschrift dat hoewel er in ter-
men van risicofactoren, neurocognitief functioneren en structurele hersenken-
merken sprake is van een dubbele belasting voor ADHD+ODD vergeleken met 
alleen ADHD, deze bevinding er niet was voor de functionele hersenkenmerken 
waar beide groepen een eigen patroon lieten zien. Hoewel dit verder onderzocht 
dient te worden, suggereren deze bevindingen dat afwijkingen in de grijze en 
witte stofmorfologie en neurocognitief functioneren niet lineair geassocieerd zijn 
met afwijkingen in functionele hersenkenmerken. Eerdere studies die pogen om 
structuur en functie van de hersenen van typisch ontwikkelende personen aan 
elkaar te relateren met behulp van uiterst geavanceerde modellen laten zien dat 
zelfs dan maar maximaal 35% van de variantie in functionele kenmerken verklaard 
wordt (Breakspear, Jirsa, & Deco, 2010; Honey, Thivierge, & Sporns, 2010; Messé, 
Rudrauf, Benali, & Marrelec, 2014). Een beperking of gedrag en/of een afwijking in 
structuur in de hersenen lijkt dus niet direct gerelateerd te zijn aan de functionele 
activiteit van de hersenen.
KLINISCHE IMPLICATIES
Ten eerste laten de bevindingen in dit proefschrift duidelijk zien dat vroege nega-
tieve levenservaringen een risicofactor zijn voor ADHD, en dat hun voorspellende 
waarde zelfs nog sterker is voor comorbide ODD bij ADHD. Daarnaast waren een 
hoge mate van ouderlijk negatief affect, een lage sociaaleconomische status en 
de aanwezigheid van ADHD bij één of beide ouders, unieke risicofactoren voor 
comorbide ODD. Deze resultaten tonen aan dat de aanwezigheid van deze risico-
factoren mogelijk voorspellend is voor een toename in de ernst van de klinische 
symptomen, van de cognitieve beperkingen en hersenmorfologie en connectiviteit. 
Daarom is het van belang dat clinici deze factoren in acht nemen bij het beoorde-
len en behandelen van personen met ADHD. Aangezien de aanwezigheid van 
comorbide ODD een negatief effect heeft op het functioneren van personen met 
ADHD, zowel op academisch als beroepsgebied (N. E. Anderson & Kiehl, 2012; 
Kuhne et al., 1997), is het van cruciaal belang om niet alleen bedacht te zijn op de 
aanwezigheid van ODD bij kinderen met ADHD, maar ook om de behandeling 
bij kinderen met ADHD en ODD zo kort mogelijk op diagnosestelling te starten. 
Dit is zeker het geval wanneer de eerder genoemde risicofactoren van toepassing S
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zijn, ook al is er (nog) geen sprake van een comorbide diagnose. Omdat negatief 
affect van de ouders een unieke risicofactor is voor de aanwezigheid van comor-
bide ODD bij personen met ADHD, kan het focussen op dit aspect bij kinderen 
met ADHD van essentieel belang zijn om de ontwikkeling van comorbide ODD 
te voorkomen. De voorspellende rol van negatief affect van de ouders over en 
tegenover het kind draagt ook bij aan meer inzicht in mogelijke mechanismen 
van evidence-based interventies voor ADHD (met en zonder comorbide ODD), 
zoals oudertraining (“ADHD NICE guidelines,” 2018; Daley et al., 2014), die zich 
(onder andere) richten op het voorkomen dat ouders vooral negatief zijn over en 
reageren op hun kind. Op dezelfde manier zijn onze bevindingen omtrent het 
belang van ouderlijk affect in lijn met de effectiviteit van interventies bij ADHD, al 
dan niet met comorbide ODD, gericht op het voorkomen van zogenaamde foute 
vrienden en met ondersteuningsprogramma’s om een persoon te helpen omgaan 
met negatieve levensgebeurtenissen. Een voorbeeld van een dergelijke interventie 
is de Nederlandse versie van het Coping Power Program, het zogenaamde “Minder 
Boos en Opstandig” traject. Hierbinnen worden oudertraining ter bevordering van 
opvoedvaardigheden gecombineerd met training voor het kind ter bevorderding 
van de coping en prosociale vaardigheden van het kind (Lochman et al., 2014; van 
de Wiel et al., 2007).
Op het moment dat er reeds sprake is van comorbide ODD bij personen met 
ADHD, is het van belang om bij de behandeling rekening te houden met de 
specifieke bijkomende beperkingen die deze groep ervaart, zowel gedurende de 
behandeling als in het dagelijks leven. Dit wordt benadrukt door het negatieve 
effect van comorbide ODD op het cognitief functioneren van deze personen, met 
name op het gebied van emotieverwerking. Eerder onderzoek heeft aangetoond 
dat negatief affect, een aspect van emotieverwerking, een negatief effect heeft op 
de behandeluitkomsten (Loeber et al., 2009), wat het belang om hier al bij de start 
van de behandeling rekening mee te houden benadrukt. Hoewel er weinig studies 
zijn gedaan naar het effect van verschillende behandelstrategieën voor personen 
met ADHD die geen of bepaalde comorbiditeiten hebben, is er één noemen-
swaardige studie die het belang van het meenemen van comorbiditeiten verder 
benadrukt. Die studie toonde aan dat de reactie op een bepaald type behandeling 
aanzienlijk verschilt tussen personen met alleen ADHD ten opzichte van personen 
met ADHD+ODD, in lijn met de suggestie dat de emotieverwerkingsproblematiek 
een verstorend effect heeft op de effectiviteit van psychoeducatie of training (Reale 
et al., 2017), ondanks de bewezen effectiviteit van gedragsmatige behandeling bij 
ODD op zichzelf (Daley et al., 2014). Samenvattend kunnen de huidige richtlijnen, 
hoewel reeds voor een groot deel in overeenstemming met onze bevindingen, baat 
hebben bij een sterkere focus op de aanwezigheid van comorbide ODD al, en juist, 
tijdens de vroege stadia van behandelingen.
Tot slot is tegenwoordig steeds meer aandacht voor machine learning (ML), een 
methode om de efficiëntie van het diagnostische proces omtrent psychiatrische 
stoornissen te vergroten. Door gebruik te maken van patroonherkenningstech-
nieken op basis van grote datasets, variërend van vragenlijstgegevens tot struc-S
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turele MRI gegevens, kan met behulp van de computer een diagnose worden 
gesteld, bijvoorbeeld van ADHD. Waar het ML veld is begonnen met zeer tijdrov-
ende methoden, is het inmiddels ontwikkeld tot een veld met snelle en volledig 
geautomatiseerde methoden, voornamelijk met betrekking tot het gebruik van 
structurele MRI kenmerken bij het diagnostisch proces van ADHD (Peng, Lin, 
Zhang, & Wang, 2013; Qureshi, Min, Jo, & Lee, 2016). Die snellere methoden 
verhogen met behulp van zogenaamde extreme leeralgoritmes de nauwkeurig-
heid voor het kunnen voorspellen van de aanwezigheid van ADHD tot 85 - 90%, 
met de meest kenmerkende verschillen in de frontale kwabben. De bevindingen 
op het gebied van structurele hersenkenmerken die in dit proefschrift worden 
besproken, zouden dit ML-veld nog verder kunnen helpen. Zo tonen onze bevin-
dingen (hoofdstuk 4, 5 en 6) duidelijk de verschillen in termen van structurele 
hersenkenmerken tussen personen gediagnosticeerd met ADHD of met ADHD 
en comorbide ODD. Dit zou ertoe kunnen leiden dat ML modellen die informatie 
over structurele hersenkenmerken bevatten, kunnen worden ingezet om niet al-
leen een onderscheid tussen gezonde personen en personen met ADHD te maken, 
maar juist ook om onderscheid te maken tussen alleen ADHD en de meer ernstige 
ADHD+ODD. Hoewel de bevindingen omtrent de grijze stof volume kleine effect-
groottes hadden, met een η2 variërend van .013 tot .025 voor de unieke afwijkingen, 
en van .010 tot .020 voor de stapsgewijze volumetrische afname, is toekomstig 
onderzoek naar de sensitiviteit en specificiteit gepast. Daarnaast kunnen toekom-
stige studies met ML om personen te classificeren veel profijt hebben van duideli-
jke endofenotypering van eventueel aanwezige comorbiditeiten, waardoor het 
percentage correcte classificaties verder toe zal nemen.
ONDERZOEKSAGENDA
Hoewel de resultaten van dit proefschrift eenduidig zijn, is het, om de etiologie 
van (comorbide) ODD beter te begrijpen, ook noodzakelijk om verder onder-
zoek te doen dat zich specifiek richt op de kenmerken van ODD. Voor meer 
onderbouwing voor de hypothese dat ADHD+ODD geassocieerd is met de dub-
bele belasting van de beperkingen van zowel ADHD als ODD en niet zozeer een 
afzonderlijke, derde stoornis is, is het van cruciaal belang om personen met alleen 
ODD te onderzoeken. Hoewel onze bevindingen wijzen op een combinatie van de 
beperkingen van ADHD of ODD als verklaring voor de beperkingen in de groep 
met ADHD+ODD, is er mogelijk ook sprake van unieke, extra kenmerken van 
deze comorbiditeit. Tot op heden zijn de neurocognitieve kenmerken, evenals 
de hersenkenmerken behorende bij ODD echter grotendeels onbekend door het 
gebrek aan studies naar ODD zonder comorbiditeit (op enkele uitzonderingen na, 
zie bijvoorbeeld Lipszyc & Schachar, 2010; Matthys, Vanderschuren, Schutter, & 
Lochman, 2012). Een mogelijke verklaring voor dit gebrek aan studies naar alleen 
ODD kan zijn dat de impact van deze aandoening op de persoon als relatief onbe-
duidend wordt beschouwd, met een kleinere negatieve impact op de functionele 
uitkomsten en prognose van de persoon vergeleken met de ernstigere aandoening S
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CD (American Psychiatric Association, 2013; Loeber et al., 2009). Niettemin, zoals 
uiteengezet in het huidige proefschrift, is de invloed van ODD als comorbiditeit 
bij ADHD aanzienlijk. Hoewel een stoornis op zichzelf relatief hanteerbaar lijkt, 
wordt de prognose dus aanzienlijk slechter wanneer deze aanwezig is als comor-
biditeit. Bovendien is de huidige, beperkte, kennis over de kenmerken van ODD 
grotendeels beïnvloed door de aanwezigheid van CD in eerdere onderzoeken. 
Hoewel CD gerelateerd is aan ODD, wordt CD beschouwd als een ernstigere vorm 
van ODD en gerelateerd aan specifieke kenmerken (American Psychiatric Associa-
tion, 2013). In tegenstelling tot een diagnose van ODD, omvat een diagnose van CD 
bijvoorbeeld ook agressie tegen individuen of dieren en een patroon van diefstal 
of bedrog, maar omvat het geen beperkingen in de emotieverwerking (American 
Psychiatric Association, 2013; Loeber et al., 2009). Gelukkig biedt de huidige DSM-
5, in tegenstelling tot eerdere versies van de DSM, de mogelijkheid om zowel een 
ODD als een CD diagnose te geven, wat het mogelijk maakt om ODD gemakkeli-
jker op zichzelf te onderzoeken. Daarnaast is het interessant om te onderzoeken 
of de beperkingen in de emotieverwerking die zijn geassocieerd met ODD ook 
invloed hebben gehad op de bevindingen omtrent CD. 
In lijn met de eerdere suggestie naar meer en betere studies naar de kenmerken 
van alleen ODD, is het van belang om zowel alleen ADHD, alleen ODD als 
ADHD+ODD verder te bestuderen. Voor alleen ADHD en alleen ODD kan dit 
de etiologie beter helpen begrijpen en daarmee mogelijk de behandelingsmo-
gelijkheden verbeteren voor personen met ADHD. Bovendien kan dit verklaren 
waarom sommige personen met ADHD niet reageren op specifieke behandelingen 
terwijl anderen juist wel reageren, zoals medicatie of gedragstherapie (Greenhill et 
al., 2006; Reale et al., 2017). Hoewel veel studies rapporteren dat comorbiditeit van 
ODD geen effect heeft op het behandelresultaat van kinderen en adolescenten met 
ADHD (Van der Oord, Prins, Oosterlaan, & Emmelkamp, 2008), lijken sommige 
andere onderzoeken iets anders te suggereren (Kim, Sharma, & Ryan, 2015; Reale 
et al., 2017), wat resulteert in enige inconsistentie in het veld. Het aantal ODD 
symptomen bij personen met ADHD zou een belangrijk onderscheidend aspect 
zijn bij het voorspellen van de respons van een persoon op methylfenidaat, waarbij 
personen met (meer) ODD symptomen een slechtere respons laten zien op de be-
handeling met methylfenidaat (Kim et al., 2015). Een andere studie naar ADHD en 
specifieke subgroepen in termen van comorbiditeiten laat zien dat de uitkomsten 
van de behandeling aanzienlijk verschilden tussen personen met alleen ADHD en 
personen met ADHD+ODD, waarbij de comorbide groep een slechtere respons 
vertoonde op gedragstherapie (Reale et al., 2017). Dit benadrukt niet alleen de 
noodzaak van het meenemen van de mogelijke aanwezigheid van ODD in verder 
onderzoek en replicatiestudies maar ook bij behandelstudies. Hiermee kan mo-
gelijk de effectiviteit van de behandeling bij ADHD en subgroepen met comorbid-
iteiten worden verbeterd, naast het mogelijkerwijs uitbreiden van de beschikbare 
interventiemethoden, waarmee eventueel de ontwikkeling van comorbide ODD 
bij ADHD kan worden voorkomen.S
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In de huidige studie is een categorische benadering toegepast (oftewel er werd 
gebruik gemaakt van de aan- of afwezigheid van een DSM-diagnose van ADHD 
of ODD), omdat we met het volgen van DSM-diagnoses de vergelijkbaarheid en 
repliceerbaarheid wilden vergroten. Bovendien heeft een categorische benader-
ing de voorkeur boven een continuümbenadering voor volwassenen, en in het 
huidige proefschrift zijn zowel jongvolwassenen als kinderen en adolescenten 
onderzocht (Faraone, Biederman, Doyle, et al., 2006; Faraone, Biederman, Spen-
cer, et al., 2006; Lubke, Hudziak, Derks, van Bijsterveldt, & Boomsma, 2009). Een 
categorische benadering was dus het meest passend. Ondanks dat de bevindingen 
robuust waren en er geen sprake was van een (te) lage power, die vaak geassocieerd 
wordt met een categorische benadering, zou verder onderzoek met een dimen-
sionale benadering ook waardevol zijn. Naar verluidt heeft ongeveer tien procent 
van de schoolgaande kinderen last van ADHD symptomen onder de drempel-
waarde voor een diagnose, maar met nog steeds een relatief hoge mate van ADHD 
symptomen (Hong et al., 2014). Hoewel deze kinderen dus niet voldoen aan de 
criteria voor een diagnose, vertonen ze wel soortgelijke functionele beperkingen 
als personen met een ADHD diagnose, hoewel die functionele beperkingen milder 
zijn. Het gebruik van een dimensionele benadering en daarmee de inclusie van 
het volledige spectrum van symptoomernst, variërend van typisch ontwikkelende 
individuen met slechts een paar symptomen, tot personen met symptomen net 
onder de diagnostische drempel en personen met een diagnose en de daarmee 
gepaarde gaande hoge mate van symptomen, zou een nog completer overzicht van 
de stoornis kunnen geven. Daarnaast is het interessant om te onderzoeken hoe de 
bevindingen van dit proefschrift zich verhouden tot de kenmerken van personen 
die net geen diagnose van ADHD hebben. 
Aangezien binnen de populatie van personen met ADHD al substantiële hetero-
geniteit is (zoals bijvoorbeeld de verschillende ADHD subtypen), is het belangrijk 
voor toekomstig onderzoek naar de kenmerken van ADHD om uitgebreide feno-
typering toe te passen binnen het onderzoek, waaronder een uitgebreide psy-
chiatrische beoordeling. Zoals immers duidelijk blijkt uit de bevindingen van dit 
proefschrift, is de impact van comorbide ODD op ADHD aanzienlijk in verschil-
lende domeinen. Alleen door uitgebreide fenotypering en het in kaart brengen van 
en controleren voor comorbiditeit, zal er meer inzicht kunnen worden verkregen 
in welke kenmerken daadwerkelijk geassocieerd zijn met een specifieke aandoen-
ing. Uiteindelijk zouden we hiermee in staat kunnen zijn om zowel de classificatie 
als de behandeling aan te passen aan specifieke subgroepen, zoals de groep met 
ADHD+ODD. In de toekomst kan dit leiden tot betere en (mee) vroegtijdige herk-
enning van die kinderen met een verhoogd risico op slechtere functionele uitkom-
sten op de lange termijn en dus het verbeteren van deze lange termijn uitkomsten. 
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je vertrouwen en immer aanwezige positiviteit en enthousiasme! Het is inspirerend 
om met iemand te mogen werken die niet alleen breed onderlegd is in kennis, 
maar ook overal zoveel plezier uit weet te halen. Ook de rest van de staf, Maarten 
genaamd, wil ik persoonlijk bedanken. Wat is het fijn om met iemand zo lekker te 
kunnen relativeren en klagen, maar toch altijd positief af te sluiten (voor ons doen 
dan ;-)...)! Dank voor je waardevolle wijsheid en goede humor, fijn dat je in het 
kantoor naast mij bent komen wonen! En niet te vergeten, de secretaresses Hester 
en Barbara. Jullie zijn een belangrijk onderdeel geweest binnen de afdeling/sectie: 
zonder jullie zou er niet alleen geen potlood te vinden zijn, maar zouden we ook 
een soort afdelingsmoeder moeten missen. Dank voor alle betrokkenheid door de 
jaren heen! Barbara, jij mag nog wat extra veren: DANK VOOR ALLES, inclusief 
de voedselvoorziening! En met die kinderen van jou (ja, zelfs met jou Lara...) 
komt het helemaal goed, ze hebben tenslotte een geniale moeder.
De kamergenootjes die ik door de jaren heen versleten heb wil ik hierbij graag 
even extra in het (welverdiende!) zonnetje zetten. Ik heb het geluk gehad te mogen 
beginnen in 1D44, met Annabeth en Hanneke. Dank dat jullie me niet alleen zo 
snel wegwijs hebben gemaakt in de wereld van het NeuroIMAGE onderzoek, maar 
vooral in de wereld van het promoveren! Dat bijvoorbeeld iedere stap zorgvul-
dig gevierd moet worden, dat biertjes onmisbaar zijn, dat er voor elke denkbare 
situatie een toepasselijk dierenplaatje te vinden is (dát zijn de skills Beth!), maar 
vooral dat het ondanks dat het een individueel traject is, je er nooit alleen in staat. 
De latere toevoeging van ‘dat saaie meisje met die pareloorbellen’, beter bekend 
als Carlijn, maakte het compleet. Carlijn, excuses dat ik ooit heb durven denken 
dat jij saai zou kunnen zijn, gelukkig heb je dat volledig goed gemaakt door de 
jaren heen. Je geniale nuchterheid en (letterlijk) levensreddende skills zijn cruciaal 
geweest om mij het plezier te laten behouden op de zwaardere momenten en ik 
ben dan ook vereerd dat jij mijn paranimf wilt zijn op die belangrijke dag. 
Na mijn avonturen op 1D44 ben ik verhuisd naar een andere kamer (met iets 
meer zuurstof), waarvan ik het kamernummer daadwerkelijk nooit heb kunnen 
onthouden. Dit doet echter niets af aan het belang van deze kamer voor mijn fijne 
tijd op de VU, want het was genieten met Betty en Evelien als kamergenoten. 
Bedankt voor de topsfeer en de goede gesprekken over de meest random onder-
werpen! Ik had daarbij het geluk dat deze kamer recht tegenover het damestoilet D
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zat en twee deuren naast het secretariaat, waardoor ik alle collega’s in wisselende 
regelmaat voorbij zag komen voor een praatje. Met het risico iemand te vergeten ga 
ik mij dan ook niet aan een opsomming wagen van alle collega’s die ik heb mogen 
ontmoeten en leren kennen binnen de sectie. Dat betekent echter niet dat ik jullie 
niet minder dankbaar ben voor alle steun en gezelligheid! Ook al is dat hele sociale 
gedoe niet altijd mijn sterkste kant, wil ik iedereen ontzettend bedanken voor de 
gezellige afdelingsuitjes en spontane biertjes, de wintersport, de Sinterklaasvier-
ingen en natuurlijk de kerstdiners! Helaas waren er ook minder mooie momenten 
de afgelopen jaren, met een ongelooflijk dieptepunt toen afgelopen september de 
grootste, meest uitbundige lach abrupt uit ons midden werd genomen. Ik ben blij 
dat ik haar heb mogen leren kennen en van haar stralende persoonlijkheid heb 
mogen genieten, wat was Ingrid† een fantastisch en voorbeeldig mens!
Inmiddels ben ik op een tweepersoonskamer uitgekomen, die we gelukkig met zijn 
drieën mogen delen. Jan Berend, dank voor je fantastische eerlijkheid, je op-
rechtheid en je mening (die je daadwerkelijk overal over hebt!). Daarnaast wil ik 
je ook bedanken voor het vertrouwen dat je in mij hebt, waardoor ik jouw “kindje” 
Psychofarmacologie heb mogen overnemen als docent. Gelukkig ging het goed, 
mede dankzij een aantal mooie anekdotes die ik van je heb mogen lenen. En dan 
hebben we natuurlijk nog Roos. Ook al noem ik je vaak (liefkozend, echt waar!) 
oude sok, we weten natuurlijk allebei dat ik hartstikke jaloers ben op jouw wijs-
heid! Fijn dat wij elkaar hebben gevonden, ik ben oprecht blij met je gezelligheid 
en je steun. Dankjewel en we gaan voorlopig nog gezellig shinen in onze awesome 
jungle!
Tot slot heb ik nog wat uitstapjes gemaakt, zowel vóór als tijdens mijn promotiet-
raject. De uitstapjes van voor mijn start hebben een groot deel van de basis gelegd 
voor de ambities en passie die ik nu heb in de wetenschappelijke wereld. Ik zou 
daarvoor dan ook twee belangrijke personen willen bedanken. Als eerste Judy, 
bedankt voor de ervaring die ik op mocht doen als onderzoeksassistent binnen 
jouw onderzoek. Hierdoor raakte ik bekend met wat ‘het doen van onderzoek’ 
nou eigenlijk precies inhield en werd mijn enthousiasme voor de wetenschap flink 
aangewakkerd! De tweede invloedrijke figuur die ik hier graag wil bedanken is Ma-
rieke, wat een powervrouw ben jij zeg! Ik benijd hoe goed jij je eigen pad weet te 
kiezen en ben je nog steeds dankbaar voor je (immer relevant gebleven) adviezen! 
Voor wat betreft de afgelopen jaren, moet ik ook uit de meer directe nabijheid 
Sara bedanken. Oké, ik geef toe, je had ook gewoon in de vorige sectie bij collega’s 
kunnen staan, dus neem vooral ook die veren tot je, maar ik wil je ook toch nog 
even afzonderlijk een (grote!) veer toewijzen. Dank dat ik bij heb mogen dragen 
aan jouw onderzoek en je mij vertrouwde met je data! Ik weet zeker dat je er een 
knal-proefschrift over zal schrijven, alleen al omdat jij dat gewoon kán! Daarnaast 
wil ik een tweetal leencollega’s bedanken. Sander Los en Sander Begeer, dank 
voor jullie enthousiasme en vertrouwen in mij! Voor een uitstapje dat wat verder 
weg was, wil ik graag Graeme bedanken. Thank you ever so much Graeme, for 
having me as a visiting research fellow at the magnificent Bath University. You are 
an inspiration and I look forward to finalising and publishing our paper! 
D
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Buiten al dat werken waren er natuurlijk ook nog hele fijne mensen op mij heen 
die het allemaal mogelijk hebben gemaakt dit “werkstukje” daadwerkelijk tot 
voltooiing te kunnen brengen. Dankjulliewel liefste vrienden en vriendinnen, ook 
al heb ik jullie hier en daar enigszins verwaarloosd op het tijdsinvesteringsfront, 
jullie bleven stug volhouden... Juliëtte, Juultje, wij leerden elkaar alweer 9 jaar 
geleden kennen (wij zijn oud aan het worden…) en hebben sindsdien van alles mee 
mogen maken. Met stip op nr. 1 staan toch wel de gezellige sushi-avondjes, met 
onze immer nuchtere Hans, en de schitterende vakanties in Kroatië. Dankjewel 
voor het altijd aanwezige luisterend oor (ook al doet dat oor het soms wat selec-
tief), je nimmer aflatende support voor mijn persoonlijke en werkende leven, en 
eigenlijk gewoon de fijne vriendschap die wij hebben. Jacco mag supertrots op zijn 
moeder zijn! Fiep, chick, wat zou ik zonder jou hebben gemoeten?! Allereerst had 
ik dan natuurlijk nooit mijn kwaliteiten als extreem begaafd paardenpoepschepper 
en supersupportive groom kunnen ontdekken. Maar ik had dan ook een ontzet-
tend nuchtere, eerlijke en oprechte vriendin moeten missen, die er altijd is als het 
écht nodig is en heel goed dingen in perspectief weet te plaatsen (“je bent veels te 
slim voor deze wereld” is wel mijn favoriet). Zonder gekkigheid, je bent een awe-
some mens en ik ben oprecht trots jou als vriendin te mogen hebben. Lang leven 
de paarden! Yvette, bonusmoeder voor Flap en sarcastische soulmate die je er 
bent! Bij jou hoef ik nooit te twijfelen of je wel meent wat je zegt, wat is dat prettig 
(en soms confronterend). Blij dat wij elkaar hebben leren kennen en we gaan snel 
weer uit eten! Susanne, grappig hoe wij elkaar pas vrij laat ‘ontdekt’ hebben op 
de VU, meer uit toeval dan uit logica, omdat jij eigenlijk in ‘het onderwijs’ woonde 
en ik in ‘het onderzoek’. Op de een of andere manier zijn we aan de praat geraakt 
en bleken we het eigenlijk best goed te kunnen vinden... Op nog vele jaren met 
eetdates en wijntjes, ik heb er alle vertrouwen in dat dat goed komt! Last but defi-
nitely not least: Een hele speciale vriendin, die eigenlijk meer een verloren zusje is, 
Kelli. Thanks for everything, you amazing stoop! You are more than supercalifra-
gilisticexpialidocious! Natuurlijk ook mijn dank voor de andere vrienden die mij 
door de jaren heen hebben gesteund en voor de nodige, gezellige afleiding hebben 
gezorgd met feestjes, etentjes en BBQ’s!
Graag wil ik hier gewoon nog een keer benadrukken hoeveel geluk ik heb met mijn 
twee paranimfen, Carlijn en Anouck. Ja Carlijn, jij komt gewoon 2x in dit dank-
woord, maar dat kan je ego vast wel aan... Jarenlang hebben wij een kamer gedeeld 
en daarmee ook veel lief en leed. Ik ben ontzettend blij dat met de vriendschap 
die wij hebben opgebouwd en dat we ook nu we geen kamer meer delen wel nog 
de vriendschap in stand houden. Ik bewonder jouw oprechtheid en het feit dat je 
iedereen altijd met respect behandelt en blijft behandelen. Hoe jij jouw prio’s op 
een rijtje heb, heb ik veel van geleerd! En dan ons jonkie Anouck, die met een on-
navolgbaar aantal feestjes in de maand, alsnog de energie heeft om er vol ertege-
naan te gaan in haar onderzoek. Ik weet zeker dat jij straks op je eigen verdediging 
helemaal de BOM bent. En ook al ben je volgens je geboortejaar pas 12, als steun 
en toeverlaat ben je zeker 21! Ik ben blij dat ik mijn verdediging in kan gaan in de 
wetenschap dat ik twee toppertjes aan mijn zijden heb, die op het moment dat ik 
het écht even niet zou weten, hopsakee die verdediging wel even fixen...
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Lieve familie en schoonfamilie, ook jullie bedankt! In het bijzonder Ageeth, dank 
voor je vertrouwen in mijn kunnen en het aanleren van een fatsoenlijk werke-
thos, jij bent een voorbeeld als het op ambities hebben, eerlijk zijn en ervoor gaan 
aankomt! Dirk, bedankt dat jij een bonuspapa voor mij bent! Het is fijn te weten 
dat als ik je nodig heb je er zal zijn. Later als ik groot ben word ik misschien toch 
wel patatbakker.... Sumana en Noah, jullie zijn de beste zusjes die iemand zich 
kan wensen met allebei een hart van goud. Dank voor je altijd aanwezige positiv-
iteit Sum, ik heb oprecht bewondering voor jouw doorzettingsvermogen! Noah, je 
bent de allerbeste en wat je ook gaat doen als je later groot bent: ik ben ontzettend 
trots op je! Dankjulliewel :-D!
Uiteraard als allerlaatste, maar eigenlijk degene die als allereerste had moeten 
worden genoemd, dankjewel Remco. Dank voor je steun en rostvaste vertrouwen 
in mij. Dank dat je er altijd was, bent en zal zijn als het nodig is. Ik ben ontzettend 
blij dat we al zoveel jaren samen hele mooie avonturen hebben mogen beleven en 
kijk uit naar wat er allemaal nog komen gaat! Ik ook van jou! 
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